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Abbreviations 
 
The abbreviations in this thesis are as blow. 
 
Φ     : fluorescence quantum efficiency 
Ac     : acetyl 
acac     : acetylacetonate 
aq.     : aqueous 
AMS     : accelerator mass spectroscopy 
ALA     : aminolevulinic acid 
Boc     : tert-butoxycarbonyl 
calcd     : calculated 
cat.     : catalyst 
cod     : 1,5-cyclooctadiene 
Cp*     : 1,2,3,4,5-pentamethylcyclopentadienyl 
mCPBA     : m-chloroperbenzoic acid 
DCC     : 1,3-dicyclohexylcarbodiimide 
DCM     : dichloromethane 
DMAP     : 4-dimethylaminopyridine 
DMF     : N,N-dimethylformamide 
DMSO     : dimethyl sulfoxide 
eq.     : equivalent 
ESR     : electron spin resonance 
Et     : ethyl 
FAB     : fast atom bombardment 
GC     : Gas Chromatograpghy 
GSC     : Green-sustainable chemistry 
IR     : infrared 
LDA     : lithium diisopropylamide 
LHMDS    : lithium hexamethyldisilazide 
m-     : meta- 
MCR     : multicomponent coupling reaction 
Me     : methyl 
MOM     : methoxymethyl 
m.p.     : melting point 
 
MS     : mass spectrometry 
MW     : molecular weight 
ND     : not determined 
NMR     : nuclear magnetic resonance 
NR     : no reaction 
o-     : ortho- 
OMP     : o-methoxyphenyl 
p-     : para- 
PDD     : photodynamic diagnosis 
PDT     : photodynamic therapy 
PeT     : photoinduced electron transfer 
PET     : positron emission tomography 
PIDA     : phenyliodine(III) diacetate 
Ph     : phenyl 
PPIX     : protoporphyrin IX 
iPr     : isopropyl 
py     : pyridine 
quant.     : quantative yield 
rt     : room temperature 
Tf     : trifluoromethanesulfonyl 
THF     : tetrahydrofuran 
TLC     : thin-layer chromatography 
TS     : transition state 
UV     : ultraviolet 
vacuo     : vacuum 
Experimental Section 
 
General procedures 
 
1. Melting point 
Melting points were determined by Yanaco MP-S3 and uncorrected. 
 
2. IR spectra 
Infrared (IR) spectra were recorded on JEOL JIR-WINSPEC 50 FT-IR spectrometer 
and Thermo Fisher Scientific Nicolet6700 spectrometer, νmax in cm-1. Bands are 
characterized as br (broad), s (strong), m (medium), w (weak). 
 
3. 1H-NMR and 13C-NMR spectra 
  1H-NMR and 13C-NMR spectra were recorded on JEOL Lambda 500 spectrometers 
and JNM-ECX500 spectrometers. Multiplicities are indicated as br (broadened), s 
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet). 
 
4. Mass spectra 
Mass spectra were recorded on a JOEL JMS-AUTOMASS spectrometer combined 
with gas chromatography. High-resolution mass spectroscopy (HRMS) was 
performed by the Material Characterization Central Laboratory of Waseda 
University.  
 
5. Thin-layer chromatography 
TLC was performed using Merck silica gel 60F254 aluminum sheets. 
 
6. Silica gel chromatography 
Column chromatography was performed using Silica gel 60N. 
 
7. Gas chromatography 
Gas chromatographic analyses were conducted on GL Sciences GC-353 instrument 
equipped with a flame-ionization detector and IC1 column (0.25 mm I.D. x 30 m) 
 
8. Fluorescence measurements 
Fluorescence spectra were recorded spectroscopic studies were performed on a 
HITACHI F-2500 fluorophotometer. For determination of the quantum efficiency of  
 
fluorescence (Φ), quinine sulfate in H2O (Φ= 0.55) was used as a fluorescence 
standard. UV-vis absorption spectra of CHCl3 solutions were recorded on a 
JASCO V-570 spectrophotometer with CHCl3 and DMSO. 
 
9. Calculation methods 
All Geometric structures and LUMO energies of the compounds were calculated on 
the density functional theory with the Gaussian 98 program at the B3LYP/6-31G** 
level. 
 
10. Reagents 
All reagents were obtained from Wako, Kanto, and Aldrich. [2-13C1]-Glycine and 
[1,2-13C2]-acetic acid were purchased from CIL, Inc.. 
 
  
 
 
“Wisdom is more precious than rubies: and all the things thou 
canst desire are not to be compared unto her. Length of days is 
in her right hand; and in her left hand riches and honor. Her 
ways are ways of pleasantness, and all her paths are peace.” 
Proverbs 3: 15-17 
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1.1 Introduction 
 
  Synthetic organic chemistry is one of the most important disciplines not only for a 
tool to understand a life but also for a basis of creating new functional materials which 
contribute to innovation. So far a great number of organic compounds which play 
important roles in our lives are synthesized using synthetic organic chemistry. 
Especially, nitrogen-contained compounds have been paid much attention in various 
areas because of its physical, chemical and biological activities. For example, quinine is 
widely used as a nostrum for malaria, and niphedipine, one of the dihydropyridines, is 
antihypertensive agent. Nitrogen-contained compounds are also utilized as ligands to 
control the activity and selectivity of molecular catalyst. On the other hand, α-NPD and 
Alq3 are applied to organic light emitting display as a hole-transport material and a 
charge-transport material. Furthermore, Nylon 6 and Kevlar® are important polymers 
produced in huge amounts of industrial scales. (Scheme 1.1) 
 
 
Scheme 1.1. Examples of nitrogen-contained compounds using in various areas 
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Therefore, a lot of organic chemists have engaged in development of synthetic 
methods for nitrogen-contained compounds. So far many synthetic methods for 
carbon-nitrogen bond formation have been developed.1), 2) Some representative reactions 
are shown in Scheme 1.2.  
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Scheme 1.2. Representative C-N bond formation reactions 
 
Although numerous reports of synthesis have been reported, there are some problems 
such as limitation of substrates, requisition of multi-step and severe reaction conditions. 
To overcome these problems, development of more efficient synthetic methods have 
been required as well as the design of new functional molecules.  
 
1.2 Multi-component coupling reaction 
 
  In recent years, multi-component coupling reactions (MCRs) forming the 
carbon–carbon and carbon–heteroatom bonds sequentially in one-pot are recognized to 
be useful tools to construct the complex molecules and achieve with ease the chemical 
diversity of products because of changing the substrates. Using the chemical diversity 
expects to be able to achieve the design and synthesis of functional molecules. On the 
other hand, comparison with a conventional multi-step synthesis, MCRs requires only a 
few steps.3) (Scheme 1.3) 
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Scheme 1.3. Comparison of multi-step and multi-component reaction 
 
 So far, a number of MCRs have been reported and are known as name reactions, such 
as Strecker reaction4), Hantzsch reaction5), Biginelli reaction6), Mannich reaction7), 
Bucherer-Bergs reaction8) and Ugi reaction9) in Scheme 1.4. 
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2) Hantzsch reaction (1890)
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5) Bucherer-Bergs reaction (1941)
6) Ugi reaction (1959)
 
Scheme 1.4. Examples of MCRs 
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  In recent years, MCRs are utilized for total synthesis. For examples, Prof. Kornienko 
et al. reported the four-component coupling reaction with salicylaldehyde, thiol, and 
two equivalents of malononitrile in triethylamine proceeds and gives 
benzopyranopyridine in one-pot. 10) 
R3
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OH
CHO
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RSH
Et3N
EtOH,
reflux
2 ++
O N
SR NH2
CN
NH2
R1
R2
R3
52-86% yields  
Scheme 1.5. Synthetic method of benzopyranopyridine using MCR 
 
  On the other hand, Prof. Xi et al. reported zirconium-catalyzed MCR of 5-azaindoles 
which are useful scaffold in pharmaceutical synthesis. 11) 
SiMe2
Ph
Ph
1) Cp2ZrBu2, 50 °C
2) 1.5 eq. iPrCN, 50 °C
3) 1.2 eq. RCN, 50 °C
4) NaHCO3 aq.
N
H
N
Ph
R
Ph
47-67 % yields  
Scheme 1.6. Synthetic method of 5-azaindoles scaffold using MCR 
 
  In the natural product synthesis, Prof. Wessjohann et al. reported the total synthesis of 
Tubulysin U and V using MCR to give thiazoline derivative as a key intermediate. 12) 
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Scheme 1.7. Total synthesis of Tubulysin U and V using MCR 
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1.3 Green sustainable chemistry-oriented evaluation of organic 
reactions 
 
  In the last century, chemical industry has been developed in incredibly high speed. 
Our quality of life has been improved to a level to relieve almost the all of the fears, 
disease and starvation, that human beings have struggled with since they appeared in the 
earth. In the modern society, we can eat, wear and sleep without danger in a peaceful 
home surrounded with a variety of materials using a lot of energy. However, at the same 
time another serious fear has emerged; environmental pollutions unexpectedly occurred 
by industrial processes and accidents, such as Minamata disease13) and the Bhopal 
disaster.14) Therefore “chemistry” which we can apply also needs environmental and 
safety considerations, i.e. the environmentally benign processes which does not use any 
toxic or dangerous reagents. This concept, so-called “Green-sustainable chemistry 
(GSC)”, was proposed by Prof. P. Anastas and becomes an important evaluation index 
for chemical processes. Relevant to this concept, there are some points of evaluation. 15) 
  In the process of organic synthesis, chemical yield is one of the most important 
factors for the efficiency, however, the reaction sometimes accompanies the waste of 
atoms from the final product. In 1991, Prof. B. M. Trost proposed to evaluate the 
organic reaction using “Atom economy”, which is defined as the following equation.16)  
 
                                                            (1.1)                                  
 
For example, simple elimination reaction usually proceeds in quantitatively chemical 
yield, but the resulting product loses some atoms. Therefore atom economy is calculated 
as 35.3 %. (Scheme 1.8 in (A)) On the other hand, Claisen rearrangement, the 
representative pericyclic reaction, proceeds without loose of any atoms. Therefore, atom 
economy is calculated as 100 %. (Scheme 1.8 in (B))  
N + OH + H2O + Me3N
O
∆
OH
Atom economy =
42.08
119.21
x 100 = 35.3 %
Atom economy =
134.18
x 100 = 100 %134.18
(A)
(B)
 
Scheme 1.8. Examples of calculation of atom economy 
Atom Economy =
MW of all reactants
MW of atoms utilized x 100
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  In general organic synthesis usually requires multi-steps to generate the target 
molecule, however the more steps require, the more waste comes out. In 1993, Prof. R. 
A. Sheldon proposed to evaluate chemical process with “E-factor”, which is defined as 
the following equation. 
 
(1.2) 
 
  E-factor is a value considering the amount of waste. E-factor values in some industry 
segments are summarized in Table.1.1. 17) 
 
Industry segment Product tonnage E-factor
Oil refining
Bulk chemicals
Fine chemicals
Pharmaceuticals
106 ～ 108
104 ～ 106
102 ～ 104
10  ～ 103
0.1
<1～5
5～>50
25～>100
Table 1.1. E-factor values of industry
 
 
  Additionally, Prof. L. F. Tietze proposed “Bond-forming efficiency” as the evaluation 
of efficiency of organic reaction in 1996.18) The definition of bond-forming efficiency is 
given as the number of bonds which are formed in one sequence. Most of 
multi-component coupling reactions have high bond-forming efficiency.  
  Atom economy and E-factor are the most important evaluating indexes for the green 
chemistry. At the view of green chemistry, MCRs are suitable for the 21th century’s 
chemistry.  
 
1.4 The scope of this thesis 
   
  As described above, efficiently synthetic methods of nitrogen-contained compounds 
are quite important in various areas. On the grounds of these requirements, the author 
focused on the characteristically catalytic activity of transition metals. And the author 
has also paid an attention of application for functional materials. This thesis deals with 
the results of the study and discussion of the catalytic organic synthesis of amino 
ketones and quinoline derivatives. 
 
 
E - factor =
MW of product
Weight of waste
x 100
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  In Chapter 2, synthesis of β-amino ketones by an iridium(III)-catalyzed Mannich 
reaction is studied. To the best of the author’s knowledge, there is no investigation of 
iridium-catalyzed Mannich reaction without the author’s report.  
 
  In Chapter 3, ytterbium(III)-catalyzed one-pot synthesis of 2-arylquinolines is studied. 
Furthermore, most synthetic 2-aryquinolines had fluorescence properties, and 
evaluation of 2-arylquinolines and its derivatives having various 2-aryl moieties was 
carried out with fluorescence measurement. 
 
  In Chapter 4, synthesis of [5-13C1]- and [1,2,3,4,5-13C5]-5-aminolevulinic acids, one 
of the α-amino ketones as a key intermediate of biosynthesis, starting from [1,2-13C2]- 
acetic acid and [2-13C1]-glycine is studied.  
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2.1 Introduction 
 
In recent years organic reactions with high atom economy have attracted much 
attention in organic synthesis. MCRs forming the carbon–carbon and 
carbon–heteroatom bonds are recognized to be useful tools to achieve with ease the 
chemical diversity of products.1) Reaction of an amine and two carbonyl compounds 
known as Mannich reaction2) involving the sequential formation of C–N and C–C bonds 
is one of the most useful MCRs. β-Amino ketones and its derivatives which could be 
obtained via the Mannich reaction have various biological activities themselves, and are 
useful for organic synthesis as building blocks. (Scheme 2.1) 2a) 
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Scheme 2.1. Various biologically active compounds in β-amino ketones 
and its derivatives 
 
However, the use of two carbonyl compounds in one pot causes complex products. 
Therefore, it is necessary to control one carbonyl compound acts as an electrophile and 
the other one plays a role as a nucleophile through its enolate formation. In order to 
avoid complex reactions such as self and cross aldol condensations prior to desired 
imine formation, a number of indirect variants using enolate precursors and/or imine  
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preformation have reported. However, direct methods without preformation of enolate 
equivalents or imines are desired for the simple chemistry.3) (Scheme 2.2) 
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Scheme 2.2. Direct vs indirect methods in Mannich reaction3 
 
So far several reactions, which are promoted or catalyzed by Brønsted acids,4) Lewis 
acids,5) lanthanides,6) early transition metals7) and organocatalysts,3), 8) are developed. 
Among them late transition metals or noble metals9) tolerate a wide variety of organic 
compounds having functional groups. However, the late transition metals are generally 
inactive as catalysts for the Mannich reaction except for a few recent notable examples 
such as AuCl3-PPh3.10) The author have reported a trivalent Ir complex catalyzed the 
Mannich reaction effectively11) and in this section, the details of the Ir(III)-catalyzed 
Mannich reaction was described.12) 
 
2.2 Synthesis of β-amino ketones with acids and transition metals  
under various conditions 
 
Reaction of acetone (1), p-nitrobenzaldehyde (2a) and o-anisidine (3a) was studied to 
optimize the transition metal catalyzed Mannich reaction, and the results of 
representative reactions are listed in Table 2.1. The products and yields are highly 
dependent on the catalysts and solvents. When the reaction was carried out at room 
temperature in the absence of catalyst, the Mannich reaction proceeded very slowly to 
give β-amino ketone 4aa in 25 % yield (Entry 1). When in order to raise the reaction 
rate the reaction was carried out at 55
 o
C, yield of 4aa was increased to 50%, but the 
enone 5 was obtained in 21% yield as a by-product (Entry 2). In the reaction at 90 
o
C, 5  
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was obtained as a major product (55%) and 4aa was obtained in 16% yield (Entry 3). 
The trivalent iridium hydride complex, [IrCl2(H)(cod)]212) was found to catalyze the 
Mannich reaction at room temperature to give 4aa in 64% yield (Entry 5). When 
another metal hydride complex, Rh(H)(PPh3)4, was used instead of the iridium hydride, 
formation of the expected product 4aa was not observed, instead, only a small amount 
of p-nitrobenzyl alcohol was obtained from 2a by hydrogen transfer (Entry 7). 
Reactions with late transition metal chlorides [Rh(cod)Cl]2 and [Ru(cod)Cl2]2 did not 
give satisfactory results, i.e. 4aa was obtained in 21% and 18% yields respectively 
(Entries 8 and 9).13) The monovalent iridium complexes, [Ir(cod)Cl]2 and 
[Ir(cod)(OMe)]2 (Entries 10 and 11) or the trivalent iridium complexes, IrCl3 and 
Ir(acac)3 (Entries 12 and 13) scarcely have catalytic activity. However, the trivalent 
iridium chloride, [Cp*IrCl2]2, was found to have similar reactivity as [IrCl2(H)(cod)]2 
(Entry 14). Prof. Xia et al. reported that AuCl3-PPh3 catalyzes a similar reaction.10) 
Indeed, AuCl(PPh3)3 and AuCl3(py) have similar reactivity for the reaction (Entries 15 
and 16). However, ytterbium triflate did not give a satisfactory result (Entry 17).7a) 
Furthermore, TiCl4, a typically used Lewis acid, gave 4aa in 48% yield, but the 
undesired 5 by aldol condensation was obtained in 14% yield (Entry 18). When conc. 
HCl was used, the 5 was obtained as the major product (Entry 19). On the other hand, 
the reaction with catalytic amount of conc. HCl, the yield of 4aa was 61%, however, 
undesired 5 was also obtained in 21% yield (Entry 20). The reaction with 
[IrCl2(H)(cod)]2 proceeded at 0 
o
C in 57% yield (Entry 4), but it is noteworthy that in 
the reaction at 90 
o
C the yield of 4aa decreased dramatically and the enone 5 was 
obtained in 54% yield (Entry 6). 
Since [IrCl2(H)(cod)]2 was stable and tolerant in air and moisture, and the preparation 
of the complex is easy, the further synthetic studies were carried out with 
[IrCl2(H)(cod)]2. The reaction using catalytic amount of conc. HCl or the reaction at 55
 
o
C in absence of catalyst gave 4aa similarly, however, the undesired by-product 5 was 
obtained in considerable yields. In order to repress the undesired products, 
[IrCl2(H)(cod)]2 was chosen as the catalyst for further studies of the synthesis of various 
β-amino ketones. The results using various solvents are summarized in Table 2.2. Polar 
solvents such as DMSO, THF, and acetonitrile were suitable for smooth reaction, and 
the product 4aa was obtained in 57, 43 and 41% respectively. However, less polar 
solvents such as dichloromethane (26%) and toluene (24%) did not give satisfactory 
results, and the reaction in 1,4-dioxane did not proceed. Acetone was used not only as 
the substrate but as solvent in this case to give the product in 46% yield. From these re- 
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sults, the adequate solvation to Ir complex was important for the catalytic activity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
O
+ +
NO2
CHO NH2
Catalyst
DMSO, Temp.,
17 h
O HN
Catalyst (mol %)
[IrCl2(H)(cod)]2 (5.0)
Yield %a)
57
Yb(OTf)3 (10)
[Ir(cod)Cl]2 (5.0)
39
OMe
1 2a 3a 4aa
0[Ir(cod)(OMe)]2 (5.0)
15conc. HCl (aliquot)
[Rh(cod)Cl]2 (5.0)
[Ru(cod)Cl2]2 (5.0)
21
18
Temperature oC
64
0
a) Yields based on 2a. b) Not isolated , only detected by TLC.
0
rt
90
rt
rt
rt
rt
rt
rt
NO2
6IrCl3 (10) rt
7Ir(acac)3 (10) rt
+
O
NO2
5
TiCl4 (10) rt 48
Blank
55 50 21
37
14
9
54
4aa 5
b)
b)b)
b)
b)
b)
b)
b)
b)
MeO
(Excess) (1.0 eq.) (1.1 eq.)
Entry
1
2
3
4
5
7
8
9
10
11
12
13
14
25rt b)
15
Table 2.1. Activity of Catalysts in DMSO for Direct-Mannich Reaction
[Cp*IrCl2]2 (5.0) rt
16
63 7
AuCl(PPh3)3 (10) rt 55 19
AuCl3(py) (10) rt 67 12
17
18
Rh(H)(PPh3)4 (10) rt
c)c)
6
0 0
c) A small amount of p-nitrobenzyl alcohol was obtained.
90 16 55
19
20 conc. HCl (5) rt 61 21
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O
+ +
NO2
CHO NH2
[IrCl2(H)(cod)]2 
(5.0 mol%)
Acetone / Solvent (3 : 2),
0 oC, 17 h
O HN
OMe
1 2a 3a 4aa NO2
MeO
Solvent Yield % a)
DMSO
THF
MeCN
DMF
CH2Cl2
Toluene
Acetone
1,4-Dioxane
57
34
41
15
26
24
46
0
a) Yields based on 2a.
(Excess) (1.0 eq.) (1.1 eq.)
Entry
1
2
3
4
5
6
7
8
Table 2.2. Study of Solvent for 
Direct-Mannich Reaction
 
 
2.3 Reaction mechanism for formation of β-amino ketones and enone 5 
 
The plausible mechanism of the reaction is shown in Scheme 2.3. Imine formation by 
dehydrative condensation of aldehydes and amines followed by enolate attack gives the 
product. During the reaction the iridium complex is supposed to activate imine species 
by coordination at nitrogen atom. Then the enolate attacks to the iridium-activated 
imines to give the β-amino ketones. In addition the iridium complex may assist the 
enolate formation from ketones.  
R1 H
O
+ R2 NH2
R1
N
R2
[Ir]
O O
[Ir]
O HN
R2
R1
R3 R4 R3 R4
R3R4
-H2O
 
Scheme 2.3. Plausible reaction mechanism 
 
In order to clarify the role of the iridium catalyst the following experiments were 
carried out (Scheme 2.4). When the reaction of 1, 2a and 3a was carried out at 90 
o
C in  
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the absence of catalysts, the β-amino ketone 4aa as a three component coupling product 
was obtained in low yield, and the enone 5 was obtained as a major product. On the 
contrary, in the reaction in the presence of [IrCl2(H)(cod)]2 at room temperature, 4aa 
was obtained as a major product but 5 was obtained in a low yield. The iridium complex 
is necessary for β-amino ketone synthesis. However, the possibility of catalytic activity 
of this trivalent iridium complex for the aldol reaction to give 5 was not eliminated. 
Then reactions of 1 and 2a without the amine 3a were carried out at room temperature 
and 90 
o
C with [IrCl2(H)(cod)]2, however, no formation of 5 was observed. Therefore it 
should be noted that the Ir(III) complex did not catalyze the aldol reaction, indicating 
that the enone is not the direct product from the aldol reaction of 1 and 2a, although the 
imine was readily activated with an Ir(III) complex. Next I studied the formation of 5 in 
the reaction of 1, 2a and 3a by the reaction with the formed β-amino ketone 4aa in 
DMSO with [IrCl2(H)(cod)]2 at 90 
o
C, 5 was obtained in 55 % yield. Furthermore in the 
same reaction without the catalyst, 5 was obtained quantitatively. From these results, the 
enone 5 was formed from β-amino ketone followed by elimination of amines at higher 
temperature. 
Scheme 2.4. Reaction mechanism for formation of enone 5 
 
[IrCl2(H)(cod)]2 
(5.0 mol%)
N.R.
N.R.
[IrCl2(H)(cod)]2 
(5.0 mol%)
 90 oC
O
+
NH2
+
CHO
NO2
OMe No catalyst
Acetone / DMSO (3 : 2)
90 oC
O HN
MeO
NO2
O
NO2
+
1 2a 3a 4aa 5
16 % 55 %
[IrCl2(H)(cod)]2 
(5.0 mol%)
DMSO, 90 oC
DMSO, 90 oC
No catalyst
- 3a
54 %
quant.
Acetone / DMSO (3 : 2)
rt
Acetone / DMSO (3 : 2)
1 2a+
(Excess) (1.0 eq.) (1.1 eq.)
(Excess)
- 3a
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2.4 Synthesis of β-amino ketones with various aromatic amines 
 
Under the optimized reaction conditions the synthesis of β-amino ketones was 
studied with various amines. As shown representative results in Table 2.3, the reactions 
proceeded smoothly with aromatic amines having electron-donating or withdrawing 
functional groups. The wide variety of substituted aromatic amines can be used for this 
β-amino ketone synthesis. However, the reaction with aliphatic amines, such as 
cyclohexylamine, piperidine and phenethylamine, did not proceed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Product (Yield %a))
4aa (64 %) 4ac (57 %)
4af (42 %) 4ag (58 %)
4ae (68 %)
4ah (75 %)
4ab (63 %)
a) Yields based on 2a.
O HN
MeO
O HN
NO2
NO2
CHO
+
[IrCl2(H)(cod)]2
Acetone / DMSO (3 : 2)
rt, 17 h
O HN
NO242a 3
R
NH2
R
+O
1
(5.0 mol%)
O HN
NO2
O HN
NO2
OMe
O HN
NO2
NO2
CO2Me
O HN
NO2
O HN
NO2
NO2 F
(Excess) (1.0 eq.) (1.1 eq.)
Table 2.3. Various β-amino Ketones by Using Amine Component in Direct-Mannich Reaction
4ai (58 %)
O HN
NO2
CN
4ad (60 %)
O HN
NO2
OMe
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2.5 Synthesis of β-amino ketones with various aldehydes 
 
Various aldehyde components were examined to synthesize β-amino ketones with 
[IrCl2(H)(cod)]2 under the same reaction conditions. As representative results of the 
reactions are shown in Table 2.4, the wide variety of aldehyde components can be used 
for the precursor of the imine intermediates formed in situ. The β-amino ketone 4da 
was obtained from isobutyraldehyde in 56 % yield. When crotonaldehyde was used as 
an aldehyde component, β-amino ketone 4ha was obtained in low yield. 
 
O + +
NH2
RCHO
[IrCl2(H)(cod)]2
Acetone / DMSO (3 : 2)
rt, 17 h
O HN
R
4
Product (Yield %a))
4aa (64 %)
4ea (71 %) 4fa (83 %) 4ga (61 %)
4da (56 %)
4ha (12 %)
1 2
4ba (64 %)
3
a) Yields based on 2.
(5.0 mol%)
O
Ph
HN
MeO
O HN
MeO
O HN
MeO
O HN
MeO
O HN
MeO
O HN
MeO
O HN
MeO
NO2
MeO
Ph
(Excess) (1.0 eq.) (1.1 eq.)
4ia (33 %)
O HN
MeO
N
Table 2.4. Various β-amino Ketones by Using Aldehyde Component in Direct-Mannich Reaction
4ja (33 %)
O HN
OEt
OMe
O
MeO
OMe
4ca (68 %)
O HN
MeO
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2.6 Synthesis of β-amino ketones with various ketones as nucleophile 
component 
 
Finally, syntheses of various amino ketones were carried out with various ketones to 
study scope and limitation for organic synthesis (Scheme 2.5). As a case of 
unsymmetrical ketones, reaction of 2-butanone (6a) was carried out to give a mixture of 
the regioisomers, 7a and 7b, in a 3:1 ratio. The major ketone 7a was found to be a 2:3 
mixture of syn and anti diastereomers.14) Similarly, in the reaction of hydroxyacetone 
(6b) the α-hydoxy-β-amino ketone 7c was obtained as a 7:5 diastereo mixture of syn 
and anti isomers. 14) It is noteworthy the regioisomer was not obtained in this case. The 
reaction with cyclohexanone (6c) gave 7d as syn and anti diastereomers in a 3:10 ratio. 
14)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.5. Synthesis of β-amino ketones with various ketonesd) 
 
O
+ +
[IrCl2(H)(cod)]2
DMSO, rt, 17 h
O HN
6a 3a2a
NO2
a) Yields based on 2a.  b) Determined by 1H - NMR. c) Determined by GC / MS. 
d) Ketone : DMSO = 1 : 4, 2a : 3a = 1.0 : 1.1
(5.0 mol%)
MeO
O HN
NO2
MeO
+
7a 7b
7a : 7b = 3 : 1c)
yield 50 %a)
syn : anti = 2 : 3b)
O
+ +
[IrCl2(H)(cod)]2
DMSO, rt, 17 h
O HN
OH
6b 3a2a
NO2
(5.0 mol%)
OH
MeO
7c
yield 75 %a) syn : anti = 7 : 5b)
O
+
3a2a
+
6c
[IrCl2(H)(cod)]2
DMSO, rt, 17 h
(5.0 mol%)
O HN
NO2
MeO
7d
yield 77 %a) syn : anti = 3 : 10c)
OMe
OMe
OMe
CHO
NO2
NH2
CHO NH2
NO2
NO2
CHO NH2
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  As Shown in Scheme 2.6, the diastereoselectivities of the reactions with 6a, 6b and 
6c could be explained using six-membered transition state models. The ketones 6a and 
6c preferred to generate E-enolates in the presence of Ir catalyst because of the steric 
repulsion. These enolates attacked to the corresponding imine via six-membered 
transition state. The reactions with 6a and 6c proceed in TS 2 to give anti -7a and 7d, 
albeit there is 1,3-diaxial interaction in TS 1. (Scheme 2.6, (a)) On the other hand, the 
enolization of 6b gives Z-enolate via chelation of Ir complex with carbonyl and hydroxy 
groups. This enolate reacted with the imine to give syn-7c via TS 3 in the case of 
reaction of 6b. (Scheme 2.6, (b)) 
 
R3
H
N
R4
O
[Ir]
R2
H
R1
R3
H
N
R4
O
[Ir]
H
R2
R1
R1
O
R2
R3
NHR4
R1
O
R2
R3
NHR4
syn
anti
TS 1
TS 2
R1
O
R2 + R
4NH2+R3CHO
R3
H
N
R4
O
[Ir]
R2O
H
R1
R3
H
N
R4 O
[Ir]
H
R2O
R1
R1
O
R2
R3
NHR4
R1
O
R2
R3
NHR4
syn
anti
TS 3
TS 4
R1
O
OR2 + R
4NH2+R3CHO
[Ir]
major
minor
[R1=CH3, R2=H]
[R1=R2=CH3, R1=R2=(CH2)4]
major
minor
(b)
(a)
 
Scheme 2.6. Diastereoselectivities of the β-amino ketones 7a-d 
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As various β-amino ketones can be prepared in this reaction, in order to broaden the 
synthetic utility removal of aromatic moiety to simple amino derivatives is studied. As 
shown an example in Scheme 2.7, the OMP (o-methoxyphenyl) group was removed 
oxidatively with treatment of phenyliodine(III) diacetate (PIDA) to give Boc-amide 
derivative 8 in 65% yield.9d) 
 
O HN
MeO
1) PhI(OAc)2, AcOH-MeOH, 22 oC
2) 10 % HCl aq., 22 oC
3) 10 % Na2S2O3 aq., 22 oC
4) Boc2O, Na2CO3, CH2Cl2, 22 oC
4aa 8
65 %
NO2
O HN
NO2
O
O
 
Scheme 2.7. Oxidative removal of OMP group with treatment of PIDA 
 
  Surprisingly, the reaction with acetophenone (6d) or cyclopentanone (6e) did not give 
the corresponding β-amino ketones albeit the acidity of 6d and 6e are similar to that of 
acetone. (pKa, acetone = 26.5, pKa, acetophenone = 24.7, pKa, cyclopentanone = 25.8) 15) From these 
pKa values, the reaction seems to proceed. To reveal this phenomenon, NMR tube 
reaction was done. 1H-NMR spectra of ketone 1, 6a – 6e in DMSO-d6 were shown in 
Fig.2.1. The 1H-NMR spectra of various ketones were recorded without Ir catalyst and 
with Ir catalyst in 0 h, 1 h, 5 h and 24 h after addition of an aliquot of D2O. As shown in 
Fig. 2.1, the signals of enolates in alkene area could not be observed, however, the new 
signals were appeared to near that of α-methyl or methylene protons in upfield and the 
numbers of α-methyl or methylene protons also decreased after the reaction time 
became long. This was suggested that generation of enolate could be occurred in each 
ketone and the substrate specificity of this reaction in ketone component was not caused 
by the difficulty of generation of enolate.  
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PPM
2.6 2.5 2.4 2.3 2.2 2.1
Acetone
blank
0 h
1 h
5 h
24 h
PPM
3.0 2.5 2.0 1.5 1.0
2-Butanone
blank
0 h
1 h
5 h
24 h
PPM
4.5 4.0 3.5 3.0 2.5 2.0 1.5
Hydroxyacetone
blank
0 h
1 h
5 h
24 h
PPM
3.00 2.75 2.50 2.25 2.00 1.75 1.50
Cyclohexanone
blank
0 h
1 h
5 h
24 h
PPM
4.00 3.75 3.50 3.25 3.00 2.75 2.50 2.25 2.00
Acetophenone
blank
0 h
1 h
5 h
24 h
PPM
2.6 2.4 2.2 2.0 1.
Cyclopentanone
blank
0 h
1 h
5 h
24 h
(a) (b)
(c) (d)
(e) (f)
Fig. 2.1. 1H-NMR spectra of NMR tube reaction with (a) acetone 1, (b) 2-butanone 6a,  
(c) hydroxyacetone 6b, (d) cyclohexanone 6c, (e) acetophenone 6d, (f) cyclo- 
pentanone 6e (black : without [IrCl2(H)(cod)]2, red : with [IrCl2(H)(cod)]2 in  
0 h, blue : in 1 h, green : in 5 h, pink : in 24 h) 
 
2.7 Summary 
 
In conclusion, the author has found the iridium complexes as new catalysts for the 
direct-Mannich reaction. [IrCl2(H)(cod)]2 is air-stable and the most suitable catalyst in 
DMSO to prepare a variety of β-amino ketones under mild conditions. 
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2.8 Experimental section 
 
[Typical procedure for β-amino ketone 4aa] 
A mixture of [IrCl2(H)(cod)]2 (5 mol%), o-anisidine (0.55 mmol), 
p-nitrobenzaldehyde (0.50 mmol) in DMSO (2 mL) was stirred. Then acetone (3 mL) 
was added into this mixture, and the mixture was stirred at room temperature for 17 h. 
After the reaction, the mixture was washed with phosphate buffered saline (50 mL) and 
extracted with ethyl acetate (20 mL × 3). The organic layer was dried over MgSO4. 
Removal of the solvent in vacuo, followed by chromatography on silica gel column 
(AcOEt / Hexane = 5 / 95), afforded 4aa and 5. 
 
[Procedure for oxidative removal of OMP group from 4aa] 
To a solution of PhI(OAc)2 (1.00 mmol) in MeOH (5 mL) and AcOH (0.1 mL) at 22 
o
C, was added dropwise 4aa (0.25 mmol, in 1.0 mL MeOH) slowly at 22 
o
C over 20 
min. Upon complete addition the reaction was allowed to stir at 22 
o
C for an additional 
1 h and then 10 % HCl aq. (5 mL) was added. The reaction was allowed to stir for 1 h 
and 10 % Na2S2O3 aq. (5 mL) was added and stirring was continued for additional 30 
min. The solution was then made basic by an addition of Na2CO3 and the solution turns 
dark red. Then Boc2O (1.04 mmol) and CH2Cl2 (2 mL) were added and the mixture was 
allowed to stir at 22 
o
C for 12 h. After the reaction, the layers were separated and the 
aqueous layer was extracted with CH2Cl2 (20 mL × 3). The organic layer was washed 
with brine (10 mL × 2), dried over MgSO4. Removal of the solvent in vacuo, followed 
by chromatography on silica gel column (AcOEt / Hexane = 15 / 85), afforded 8. 
 
[NMR tube reaction] 
The 1H-NMR spectrum of ketone (0.50 mmol) in DMSO-d6 was recorded. Then 
[IrCl2(H)(cod)]2 (0.05 mmol) and D2O (aliquot) were added to the solution and 1H-NMR 
spectrum was recorded immediately. After 1 h, 5 h and 24 h, each 1H-NMR spectra were 
recorded. 
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4-(2-Methoxyphenylamino)-4-(4-nitrophenyl)butan-2-one (4aa) : orange solid (100 
mg, 64 %), mp 137 - 138 
o
C (recrystallized from hexane - ethyl acetate), 1H NMR (500 
MHz, CDCl3) δ 2.16 (s, 3H, CH3), 2.97 (dd, J = 16.7, 5.5 Hz, 1H, CH2CH), 3.04 (dd, J 
= 16.5, 7.1 Hz, 1H, CH2CH), 3.88 (s, 3H, OCH3), 4.97 (t, J = 6.6 Hz, 2H, CH2CH and 
NH), 6.28 - 6.30 (m, 1H, aromatic H), 6.64 - 6.71 (m, 2H, aromatic H), 6.77 - 6.78 (m, 
1H, aromatic H), 7.55 (d, J = 8.8 Hz, 2H, aromatic H), 8.15 (d, J = 8.9 Hz, 2H, aromatic 
H), 13C NMR (125 MHz, CDCl3) δ 30.6 (CH3), 51.1 (CH2CH), 53.4 (CH2CH), 55.5 
(OCH3), 109.6, 111.2, 117.7, 121.0, 124.0, 127.3, 135.9, 147.0, 147.2, 150.7 (aromatic 
C), 205.4 (CO), IR (neat, KBr) 3106(br), 2923 (br), 1670 (m), 1592 (m), 1515 (s), 1342 
(s), 1257 (w), 744 (m), HRMS (FAB) calcd for C17H18N2O4 [M]+ 314.1267, found 
314.1266. 
 
O HN
NO2  
4-(4-Nitrophenyl)-4-(phenylamino)butan-2-one (4ab) : yellow oil (98 mg, 63 %), 1H 
NMR (500 MHz, CDCl3) δ 2.15 (s, 3H, CH3), 2.97 (d, J = 6.2 Hz, 2H, CH2CH), 4.55 
(br, 1H, NH), 4.94 (t, J = 6.2 Hz, 1H, CH2CH ), 6.49 (dd, J = 8.6, 0.9 Hz, 2H, aromatic 
H), 6.70 (t, J = 7.3 Hz, 1H, aromatic H), 7.10 (dd, J = 8.6, 7.3 Hz, 2H, aromatic H), 7.56 
(dd, J = 7.0, 1.7 Hz, 2H, aromatic H), 8.17 (dd, J = 6.8, 2.0 Hz, 2H, aromatic H),  13C 
NMR (125 MHz, CDCl3) δ 30.7 (CH3), 50.5 (CH2CH), 53.7 (CH2CH), 113.8, 118.5, 
124.0, 127.3, 129.3, 146.1, 147.2, 150.4 (aromatic C), 205.9 (CO), IR (neat, KBr) 3396  
(br), 3054 (br), 1714 (m), 1602 (m), 1517 (s), 1346 (s), 858 (m), 750 (s), 694 (m), 
HRMS (FAB) calcd for C16H16N2O3 [M]+ 284.1161, found 284.1195. 
O HN
MeO
NO2
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O HN
NO2
OMe
 
4-(4-Methoxyphenylamino)-4-(4-nitrophenyl)butan-2-one (4ac) : red solid (99 mg, 
57 %), mp 138 - 139 
o
C (recrystallized from hexane - ethyl acetate), 1H NMR (500 MHz, 
CDCl3) δ 2.14 (s, 3H, CH3), 2.94 (d, J = 6.4 Hz, 2H, CH2CH), 3.69 (s, 3H, OCH3), 4.85 
(t, J = 6.2 Hz, 1H, CH2CH ), 6.46 (dd, J = 6.8, 2.2 Hz, 2H, aromatic H), 6.68 (dd, J = 
6.8, 2.2 Hz, 2H, aromatic H), 7.55 (d, J = 9.0 Hz, 2H, aromatic H), 8.17 (dd, J = 7.0, 2.0 
Hz, 2H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 30.6 (CH3), 50.7 (CH2CH), 54.7  
(CH2CH), 55.6 (OCH3), 114.8, 115.4, 124.0, 127.4, 140.1, 147.2, 150.7, 152.8 (aromatic 
C), 206.0 (CO), IR (neat, KBr) 2917 (br), 1716 (w), 1598 (w), 1511 (s), 1346 (s), 1241 
(m), HRMS (FAB) calcd for C17H18N2O4 [M]+ 314.1267, found 314.1266. 
 
O HN
NO2
OMe
 
4-(3-Methoxyphenylamino)-4-(4-nitrophenyl)butan-2-one (4ad) : orange oil (95 mg, 
60 %), 1H NMR (500 MHz, CDCl3) δ 2.14 (s, 3H, CH3), 2.97 (d, J = 6.1 Hz, 2H, 
CH2CH), 3.69 (s, 3H, OCH3), 4.60 (br, 1H, NH), 4.92 (t, J = 6.1 Hz, 1H, CH2CH), 6.03 
(t, J = 2.1 Hz, 1H, aromatic H), 6.12 (dd, J = 7.9, 1.8 Hz, 1H, aromatic H), 6.27 (dd, J = 
7.9, 1.8 Hz, 1H, aromatic H), 7.00 (t, J = 7.9 Hz, 1H, aromatic H), 7.55 (d, J = 8.5 Hz, 
2H, aromatic H), 8.17 (d, J = 8.5 Hz, 2H, aromatic H), 13C NMR (125 MHz, CDCl3) 
δ 30.7 (CH3), 50.5 (CH2CH), 53.7 (CH2CH), 55.0 (OCH3), 100.0, 103.5, 106.8, 124.1, 
127.3, 130.1, 147.2, 147.5, 150.3 , 160.7 (aromatic C), 205.9 (CO), IR (neat, KBr) 3397 
(br), 2931 (br), 1714 (s), 1598 (s), 1519 (s), 1346 (s), 1209 (m), 1160 (m), 1108 (w),  
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1047 (w), 910 (w), 856 (w), 821 (w), 734 (w), 690 (w), HRMS (FAB) calcd for 
C17H18N2O4 [M]+ 314.1267, found 314.1238. 
 
O HN
NO2  
4-(4-Nitrophenyl)-4-(p-tolylamino)butan-2-one (4ae) : yellow oil (101 mg, 68 %), 1H 
NMR (500 MHz, CDCl3) δ 2.15 (s, 3H, CH3), 2.19 (s, 3H, CH3), 2.96 (d, J = 6.4 Hz, 2H, 
CH2CH), 4.45 (br, 1H, NH), 4.92 (t, J = 6.4 Hz, 1H, CH2CH ), 6.42 (d, J = 8.4 Hz, 2H, 
aromatic H), 6.91 (d, J = 8.2 Hz, 2H, aromatic H), 7.56 (d, J = 8.2 Hz, 2H, aromatic 
H),8.16 (d, J = 8.6 Hz, 2H, aromatic H), 13C NMR (125 MHz, CDCl3) δ  20.3 (CH3), 
30.5 (CH3), 50.6 (CH2CH), 53.9 (CH2CH), 113.9, 123.9, 127.3, 127.7, 129.7, 143.7, 
147.1, 150.6 (aromatic C), 206.0 (CO), IR (neat, KBr) 3397 (br), 2919 (br), 1716 (m), 
1610 (m), 1517 (s), 1346 (s), 808 (w), HRMS (FAB) calcd for C17H18N2O3 [M]+ 
298.1317, found 298.1324. 
 
O HN
NO2
CO2Me
 
Methyl 4-(1-(4-nitrophenyl)-3-oxobutylamino)benzoate (4af) : yellow solid (72 mg, 
42 %),  mp 176 - 178 
o
C (recrystallized from hexane - ethyl acetate), 1H NMR (500 
MHz, CDCl3) δ 2.14 (s, 3H, CH3), 3.02 - 3.03 (m, 2H, CH2CH), 3.82 (s, 3H, OCH3), 
4.98 - 5.01 (m, 1H, NH), 5.11 (d, J = 6.1 Hz, 1H, CH2CH ), 6.47 (d, J = 8.8 Hz, 2H, 
aromatic H), 7.54 (d, J = 8.4 Hz, 2H, aromatic H), 7.79 (d, J = 8.6 Hz, 2H, aromatic H), 
8.17 (d, J = 8.8 Hz, 2H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 30.9 (CH3), 50.0 
(CH2CH), 51.6 (OCH3), 53.2 (CH2CH), 112.6, 119.8, 124.2, 127.3, 131.5, 147.4, 149.3, 
149.9 (aromatic C), 167.0, 205.8 (CO), IR (neat, KBr) 3363 (br), 2923 (br), 1704 (m),  
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1604 (s), 1521 (s), 1344 (s), 1276 (s), 1174 (m),  HRMS (FAB) calcd for C18H19N2O5 
[M+H]+ 343.1294, found 343.1277. 
 
O HN
NO2
NO2
 
4-(4-Nitrophenylamino)-4-(4-nitrophenyl)butan-2-one (4ag) : yellow oil (96 mg, 
58 %), 1H NMR (500 MHz, CDCl3) δ 2.15 (s, 3H, CH3), 3.05 (dd, J = 17.2, 7.2 Hz, 1H, 
CH2CH), 3.10 (dd, J = 17.2, 6.4 Hz, 1H, CH2CH), 5.02 (q, J = 12.1, 6.0 Hz, 1H, 
CH2CH), 5.59 (d, J = 6.4 Hz, 1H, NH), 6.47 (d, J = 9.2 Hz, 2H, aromatic H), 7.54 (d, J 
= 8.6 Hz, 2H, aromatic H), 8.01 (d, J = 9.2 Hz, 2H, aromatic H), 8.20 (d, J = 8.6 Hz, 2H, 
aromatic H), 13C NMR (125 MHz, CDCl3) δ 31.0 (CH3), 49.9 (CH2CH), 53.3 (CH2CH), 
112.2, 124.3, 126.2, 127.2, 134.1, 147.5, 148.4, 151.4 (aromatic C), 205.8 (CO), IR 
(neat, KBr) 3372 (br), 2921 (br), 1716 (m), 1600 (s), 1519 (s), 1309 (s), 1110 (s), 835 
(m), HRMS (FAB) calcd for C16H16N3O5 [M+H]+ 330.109, found 330.1094. 
 
O HN
NO2
F
 
4-(4-Fluorophenylamino)-4-(4-nitrophenyl)butan-2-one (4ah) : yellow solid (113 mg, 
75 %), mp 107 - 109 
o
C (recrystallized from hexane - ethyl acetate), 1H NMR (500 
MHz, CDCl3) δ 2.15 (s, 3H, CH3), 3.00 (d, J = 6.2 Hz, 2H, CH2CH), 4.47 (br, 1H, NH), 
4.85 (t, J = 6.2Hz, 1H, CH2CH), 6.41 - 6.44 (m, 2H, aromatic H), 6.79 - 6.82 (m, 2H, 
aromatic H), 7.54 - 7.56 (m, 2H, aromatic H), 8.17 - 8.19 (m, 2H, aromatic H), 13C 
NMR (125 MHz, CDCl3) δ 30.7 (s, CH3), 50.5 (s, CH2CH), 54.3 (s, CH2CH), 114.8 (d, 
3JCF = 7.6 Hz, aromatic C), 115.7(d, 2JCF = 22.8 Hz, aromatic C), 124.1, 127.3(s, 
aromatic C), 142.4(d, 4JCF = 2.0 Hz, aromatic C), 147.3, 150.1(s, aromatic C), 156.3 (d,  
  
-26- 
 
Chapter 2. Synthesis of β-Amino Ketones by an Iridium(III)-catalyzed Mannich Reaction 
 
1JCF = 236.7 Hz, aromatic C), 205.9 (s, CO),  IR (neat, KBr) 3396 (br), 2923 (br), 1716 
(m), 1508 (s), 1517 (s), 1346 (s), 1220 (m), 821 (m), HRMS (FAB) calcd for 
C16H16FN2O3 [M]+ 302.1067, found 302.1069. 
 
O HN
NO2
CN
 
4-(1-(4-Nitrophenyl)-3-oxobutylamino)benzonitrile (4ai) : yellow oil (90 mg, 58 %), 
1H NMR (500 MHz, CDCl3) δ 2.14 (s, 3H, CH3), 3.00 (dd, J = 17.1, 6.7 Hz, 1H, 
CH2CH), 3.06 (dd, J = 17.1, 5.2 Hz, 1H, CH2CH), 4.96 (t, J = 6.1 Hz, 1H, CH2CH), 
6.48 (d, J = 8.5 Hz, 2H, aromatic H), 7.33 (d, J = 8.9 Hz, 2H, aromatic H), 7.53 (d, J = 
8.2 Hz, 2H, aromatic H), 8.17 (d, J = 8.9 Hz, 2H, aromatic H), 13C NMR (125 MHz, 
CDCl3) δ 30.8 (CH3), 49.8 (CH2CH), 53.0 (CH2CH), 100.1, 113.2 (aromatic C), 119.9 
(CN), 124.2, 127.2, 133.6, 147.4, 148.9, 149.6 (aromatic C), 205.6 (CO), IR (neat, KBr) 
3365 (br), 2213 (s), 1716 (m), 1608 (s), 1521 (s), 1346 (s), 1174 (m), 827 (m), HRMS 
(FAB) calcd for C17H16N3O3 [M +H]+ 310.1192, found 310.1196.  
 
O HN
MeO
 
4-(2-Methoxyphenylamino)-4-phenylbutan-2-one (4ba) : yellow oil (86 mg, 64 %), 
1H NMR (500 MHz, CDCl3) δ 2.11 (s, 3H, CH3), 2.96 (dd, J = 15.8, 5.9 Hz, 1H, 
CH2CH), 3.01 (dd, J = 15.9, 7.5 Hz, 1H, CH2CH), 3.87 (s, 3H, OCH3), 4.88 (t, 2H, 
CH2CH and NH), 6.42 - 6.44 (m, 1H, aromatic H), 6.61 - 6.65 (m, 1H, aromatic H), 
6.70 - 6.76 (m, 2H, aromatic H), 7.21 - 7.24 (m, 1H, aromatic H), 7.29 - 7.32 (m, 2H, 
aromatic H), 7.36 - 7.37 (m, 2H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 30.6 
(CH3), 51.7 (CH2CH), 54.0 (CH2CH), 55.5 (OCH3), 109.4, 111.2, 116.9, 121.1, 126.3,  
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127.3, 128.7, 136.6, 142.7, 146.9 (aromatic C), 206.7 (CO), IR (neat, KBr) 3413 (br), 
2935 (br), 1716 (s), 1602 (s), 1511 (s), 1456 (s), 1357 (m), 1224 (s), 1126 (s), 1027 (s), 
740 (s), 701 (s), HRMS (FAB) calcd for C17H19NO2 [M]+ 269.1416, found 269.1402. 
 
O HN
MeO
 
4-(2-Methoxyphenylamino)-4-p-tolylbutan-2-one (4ca) : pale yellow oil (97 mg, 
68 %), 1H NMR (500 MHz, CDCl3) δ 2.09 (s, 3H, CH3), 2.29 (s, 3H, CH3), 2.89 (dd, J 
= 15.9, 5.8 Hz, 1H, CH2CH), 2.95 (dd, J = 15.9, 7.3 Hz, 1H, CH2CH), 3.84 (s, 3H, 
OCH3), 4.84 (t, J = 6.4 Hz, 2H, CH2CH and NH), 6.44 (dd, J = 7.9, 1.5 Hz, 1H, 
aromatic H), 6.61 (td, J = 7.6, 1.5 Hz, 1H, aromatic H), 6.69 - 6.74 (m, 2H, aromatic H), 
7.10 (d, J = 7.6 Hz, 2H, aromatic H), 7.24 (d, J = 7.9 Hz, 2H, aromatic H), 13C NMR 
(125 MHz, CDCl3) δ 21.0 (CH3), 30.6 (CH3), 51.7 (CH2CH), 53.7 (CH2CH), 55.4 
(OCH3), 109.4, 111.1, 116.8, 121.1, 126.1, 129.4, 136.7, 136.8, 139.6, 146.9 (aromatic 
C), 206.8 (CO), IR (neat, KBr) 3413 (br), 3045 (w), 3002 (br), 2921 (br), 2834 (w), 
1714 (s), 1602 (s), 1511 (s), 1456 (m), 1430 (w), 1357 (w), 1245 (m), 1224 (s), 1176 
(w), 1162 (w), 1126 (m), 1051 (w), 1027 (m), 809 (w), 738 (s), HRMS (FAB) calcd for 
C18H21NO2 [M]+ 283.1572, found 283.1578. 
 
O HN
MeO
 
4-(2-Methoxyphenylamino)-5-methylhexan-2-one (4da) : colorless oil (66 mg, 
56 %),  1H NMR (500 MHz, CDCl3) δ 0.91 (d, J = 7.0 Hz, 3H, CH(CH3)2), 0.97 (d, J = 
7.0 Hz, 3H, CH(CH3)2), 1.92 - 2.00 (m, 1H, CH(CH3)2), 2.15 (s, 3H, CH3), 2.55 - 2.64 
(m, 2H, CH2CH), 3.79 - 3.87 (m, 4H, OCH3 and CH2CH ), 4.25 (br, 1H, NH), 6.62 - 
6.66 (m, 2H, aromatic H), 6.75 - 6.77 (m, 1H, aromatic H), 6.83 - 6.86 (m, 1H, aromatic  
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H), 13C NMR (125 MHz, CDCl3) δ 18.46, 18.48 (CH(CH3)2), 30.5 (CH3), 31.5  
(CH(CH3)2), 45.7 (CH2CH), 54.5 (OCH3), 55.5 (CH2CH), 109.7, 110.4, 116.2, 121.3, 
137.3, 146.8 (aromatic C), 208.2 (CO), IR (neat, KBr) 3417 (br), 2960 (br), 1712 (m), 
1600 (m), 1513 (s), 1457 (m), 1245 (m), 1220 (m), 1027 (m), 736 (m), HRMS (FAB) 
calcd for C14H21NO2 [M]+ 235.1572, found 235.1593. 
 
O HN
MeO
MeO  
4-(2-Methoxyphenylamino)-4-(2-methoxyphenyl)butan-2-one (4ea) : brown oil (107 
mg, 71 %), 1H NMR (500 MHz, CDCl3) δ 2.16 (s, 3H, CH3), 2.90 (dd, J = 15.7, 8.2 Hz, 
1H, CH2CH), 3.04 (dd, J = 15.3, 4.6 Hz, 1H, CH2CH), 3.88 (s, 3H, OCH3), 3.93 (s, 3H, 
OCH3), 5.10 (br, 1H, NH), 5.23 - 5.25 (m, 1H, CH2CH ), 6.47 (dd, J = 7.7, 1.3 Hz, 1H, 
aromatic H), 6.64 (t, J = 7.7 Hz, 1H, aromatic H), 6.73 - 6.78 (m, 2H, aromatic H), 6.87 
- 6.92 (m, 2H, aromatic H), 7.21 - 7.24 (m, 1H, aromatic H), 7.31 (dd, J = 7.5, 1.3 Hz, 
1H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 29.9 (CH3), 49.2 (CH2CH), 49.5 
(CH2CH), 55.1, 55.4 (OCH3), 109.4, 110.4, 111.0, 116.6, 120.7, 121.0, 127.1, 128.0, 
129.7, 136.6, 146.9, 156.5 (aromatic C), 207.4 (CO), IR (neat, KBr) 3411 (br), 2937 (br), 
1712 (s), 1600 (s), 1511 (s), 1488 (s), 1457 (s), 1240 (s), 1025 (s), 738 (s), HRMS 
(FAB) calcd for C18H21NO3 [M]+ 299.1521, found 299.1519. 
 
O HN
MeO
 
4-(2-Methoxyphenylamino)-4-(naphthalen-2-yl)butan-2-one (4fa) : yellow oil (132 
mg, 83 %), 1H NMR (500 MHz, CDCl3) δ 2.14 (s, 3H, CH3), 3.01 - 3.10 (m, 2H, 
CH2CH), 3.92 (s, 3H, OCH3), 5.05 - 5.10 (m, 2H, CH2CH and NH), 6.54 (dd, J = 7.7,  
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1.5 Hz, 1H, aromatic H), 6.66 - 6.69 (m, 1H, aromatic H), 6.72 - 6.76 (m, 1H, aromatic 
H), 6.81 (dd, J = 7.9, 1.5 Hz, 1H, aromatic H), 7.46 - 7.51 (m, 2H, aromatic H), 7.55 (dd, 
J = 8.6, 1.6 Hz, 1H, aromatic H), 7.83 - 7.88 (m, 4H, aromatic H), 13C NMR (125 MHz, 
CDCl3) δ 30.5 (CH3), 51.5 (CH2CH), 54.2 (CH2CH), 55.4 (OCH3), 109.4, 111.3, 117.0, 
121.0, 124.3, 124.9, 125.7, 126.0, 127.5, 127.8, 128.5, 132.8, 133.4, 136.6, 140.2, 146.9 
(aromatic C), 206.5 (CO), IR (neat, KBr) 3413 (br), 3054 (br), 2958 (br), 1712 (s), 1600 
(s), 1511 (s), 1456 (m), 1222 (s), 1128 (m), 1027 (s), 740 (s), HRMS (FAB) calcd for 
C21H21NO2 [M]+ 319.1572, found 319.1571. 
 
O HN
MeO
 
(E)-4-(2-Methoxyphenylamino)-6-phenylhex-5-en-2-one (4ga) : yellow oil (90 mg, 
61 %), 1H NMR (500 MHz, CDCl3) δ 2.17 (s, 3H, CH3), 2.82 (dd, J = 16.1, 6.4 Hz, 1H, 
CH2CH), 2.88 (dd, J = 16.1, 6.4 Hz, 1H, CH2CH), 3.84 (s, 3H, OCH3), 4.50 - 4.55 (m, 
2H, CH2CH and NH), 6.24 (dd, J = 15.9, 6.0 Hz, 1H, olefinic H), 6.57(d, J = 15.9 Hz, 
1H, olefinic H), 6.64 - 6.68 (m, 2H, aromatic H), 6.76 (d, J = 7.3 Hz, 1H, aromatic H), 
6.80 - 6.83 (m, 1H, aromatic H), 7.19 (t, J = 7.3 Hz, 1H, aromatic H), 7.24 - 7.28 (m, 
2H, aromatic H), 7.31 (d, J = 7.5 Hz, 2H, aromatic H), 13C NMR (125 MHz, CDCl3) 
δ 30.7 (CH3), 49.3 (CH2CH), 51.5 (CH2CH), 55.4 (OCH3), 109.6, 111.2, 117.0, 121.2, 
126.4, 127.5, 128.5 (aromatic C), 130.3, 130. 6 (olefinic C), 136.60, 136.63, 147.0, 
(aromatic C), 206.7 (CO), IR (neat, KBr) 3407 (br), 2925 (br), 1712 (s), 1600 (s), 1511 
(s), 1456 (s), 1222 (s), 1027 (m), 968 (m), 742 (s), 694 (m), HRMS (FAB) calcd for 
C19H21NO2 [M]+ 295.1572, found 295.1567.  
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O HN
MeO
 
(E)-4-(2-Methoxyphenylamino)hept-5-en-2-one (4ha) : brown oil (14 mg, 12 %), 1H 
NMR (500 MHz, CDCl3) δ 1.66 (d, J = 6.4 Hz, 3H, CH3), 2.17 (s, 3H, CH3), 2.70 (dd, J 
= 15.9, 6.6 Hz, 1H, CH2CH), 2.78 (dd, J = 15.7, 6.2 Hz, 1H, CH2CH), 3.83 (s, 3H, 
OCH3), 4.30 - 4.34 (m, 1H, CH2CH), 5.42 - 5.43 (m, 1H, olefinic H), 5.45 - 5.47 (m, 1H, 
olefinic H), 5.63 - 5.70 (m, 2H, aromatic H), 6.75 - 6.77 (m, 1H, aromatic H), 6.82 – 
6.85 (m, 1H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 17.7, 30.7 (CH3), 49.3 
(CH2CH), 51.2 (CH2CH), 55.4 (OCH3), 109.6, 111.0, 116.7, 121.1 (aromatic C), 126.7 
(olefinic C), 131.4 (aromatic C), 137.0 (olefinic C), 147.0 (aromatic C), 207.2 (CO), IR 
(neat, KBr) 3392 (br), 2919 (br), 1714 (m), 1600 (m), 1508 (s), 1456 (m), 1222 (m), 
1027 (w), 738 (m), HRMS (FAB) calcd for C14H19NO2 [M]+ 233.1416, found 233.1416. 
 
O HN
MeO
N  
4-(2-Methoxyphenylamino)-4-(pyridin-2-yl)butan-2-one (4ia) : pale yellow oil (45 
mg, 33 %), 1H NMR (500 MHz, CDCl3) δ 2.14 (s, 3H, CH3), 3.06 (dd, J = 16.1, 6.4 Hz, 
1H, CH2CH), 3.16 (dd, J = 16.4, 6.1 Hz, 1H, CH2CH), 3.85 (s, 3H, OCH3), 5.03 (t, J = 
6.1 Hz, 1H, CH2CH), 5.13 (br, 1H, NH), 6.52 - 6.54 (m, 1H, aromatic H), 6.64 - 6.67 (m, 
1H, aromatic H), 6.76 - 6.78 (m, 2H, aromatic H), 7.12 - 7.16 (m, 1H, aromatic H), 7.38 
(d, J = 7.9 Hz, 1H, aromatic H), 7.58 (td, J = 7.6, 1.8 Hz, 1H, aromatic H), 8.56 (d, J = 
4.6 Hz, 1H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 30.4 (CH3), 49.0 (CH2CH), 
54.8 (CH2CH), 55.5 (OCH3), 109.6, 110.9, 117.1, 121.1, 121.7, 122.2, 136.5, 136.7, 
147.1, 149.2, 161.3 (aromatic C), 207.3 (CO), IR (neat, KBr) 3403 (br), 2937 (br), 1714 
(m), 1600 (m), 1511 (s), 1456 (m), 1434 (m), 1224 (m), 1027 (m), 740 (s), HRMS 
(FAB) calcd for C16H18N2O2 [M]+ 270.1368, found 270.1345.  
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O HN
OEt
OMe
O  
Ethyl 2-(4-methoxyphenylamino)-4-oxopentanoate (4ja) : pale orange oil (44 mg, 
33 %), 1H NMR (500 MHz, CDCl3) δ 1.22 (t, J = 7.1 Hz, 3H, CH2CH3), 2.17 (s, 3H, 
CH3), 2.95 (d, J = 5.6 Hz, 2H, CH2CH), 3.73 (s, 3H, OCH3), 4.17 (q, J = 14.4, 7.0 Hz, 
2H, CH2CH3), 4.33 (t, J = 5.6 Hz, 1H, CH2CH), 6.64 (d, J = 8.9 Hz, 2H, aromatic H), 
6.76 (d, J = 8.8 Hz, 2H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 14.1 (CH3CH2), 
30.3 (CH3), 45.7 (CH2CH), 54.2 (OCH3), 55.7 (CH2CH), 61.4 (CH3CH2), 114.8, 115.7, 
140.5, 153.0 (aromatic C), 172.9, 205.8 (CO), IR (neat, KBr) 3371 (br), 2983 (br), 1720 
(s), 1513 (s), 1246 (s), 1035 (m), 823 (m), HRMS (FAB) calcd for C14H19NO4 [M]+ 
265.1314, found 265.1313. 
 
O HN
NO2
MeO
O HN
NO2
MeO
 
4-(2-Methoxyphenylamino)-3-methyl-4-(4-nitrophenyl)butan-2-one (7a) and 
1-(2-Methoxyphenylamino)-1-(4-nitrophenyl)pentan-3-one (7b) : Inseparable 
mixture of regioisomers (7a : 7b = 3 : 1) and diastereoisomers (syn : anti = 2 : 3), 
yellow oil, (82 mg, 50 %), 1H NMR (500 MHz, CDCl3) δ 1.01 (t, J = 7.1 Hz, 3H, CH3 
7b), 1.15 (d, J = 7.1 Hz, 3H, CHCH3 7a, anti), 1.17 (d, J = 7.1 Hz, 3H, CHCH3 7a, syn), 
2.10 (s, 3H, CH3 7a, anti), 2.13 (s, 3H, CH3 7a, syn), 2.40 (q, J = 14.7, 7.3 Hz, 2H, 
CH2CH3 7b), 2.94 (dd, J = 16.3, 5.5 Hz, 1H, CH2CH 7b), 2.99 – 3.08 (m, 1H, CHCHNH 
7a and CH2CH 7b), 3.88 - 3.89 (m, 3H, OCH3 7a, 7b), 4.65 (d, J = 6.4 Hz, 1H, CHCHNH 7a), 
4.49 (t, J = 6.4 Hz, 2H, CH2CH and NH 7b), 5.25 (br, 1H, NH 7a), 6.23 (dd, J = 7.3, 2.0 
Hz, 1H, aromatic H 7b), 6.30 (d, J = 7.7 Hz, 1H, aromatic H 7a), 6.61 - 6.71 (m, 2H, 
aromatic H 7a, 7b), 6.74 - 6.78 (m, 1H, aromatic H 7a, 7b), 7.49 - 7.52 (m, 2H, aromatic H 
7a), 7.55 (d, J = 8.6 Hz, 2H, aromatic H 7b), 8.14 - 8.17 (m, 2H, aromatic H 7a, 7b), 13C  
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NMR (125 MHz, CDCl3) δ 7.4 (CH2CH3 7b), 11.4, 14.9 (CHCH3 7a), 29.2, 29.3 (CH3 7a), 
36.7 (CH2CH3 7b), 49.8 (CH2CH 7b), 52.9, 53.0 (CHCHNH 7a), 53.5 (CH2CHNH 7b), 
55.5, 55.5, 55.5 (OCH3 7a, 7b), 58.3, 59.8 (CHCHNH 7a), 109.58, 109.59, 109.6, 110.8, 
110.9, 111.2, 117.4, 117.5, 117.6, 120.9, 121.0, 121.0, 123.8, 123.8 ,123.9, 127.3, 127.8, 
135.9, 136.0, 146.9, 147.0, 147.0, 147.2, 147.3, 149.4, 149.4, 150.8 (aromatic C 7a, 7b), 
208.2, 209.1, 210.6 (CO 7a, 7b), IR (neat, KBr) 3411 (br), 2977 (br), 2937 (br), 1708 (s), 
1602 (s), 1517 (s), 1456 (s), 1346 (s), 1224 (m), 1114 (w), 1027 (m), 854 (m), 740 (s), 
701 (w), HRMS (FAB) calcd for C18H20N2O4 [M ]+ 328.1423, found 328.1454. 
 
O HN
OH NO2
MeO
 
4-(2-Methoxyphenylamino)-3-hydroxy-4-(4-nitrophenyl)butan-2-one (7c) : Mixture 
of diastereoisomers (syn : anti = 7 : 5), yellow oil (124 mg, 75 %), 1H NMR (500 MHz, 
CDCl3) δ 2.26 (s, 3H, CH3, anti), 2.38 (s, 3H, CH3, syn), 3.87 (s, 3H, OCH3, syn), 3.89 
(s, 3H, OCH3, anti), 4.47 (s, 1H, CHOHCH, syn), 4.76 (d, J = 3.1 Hz, 1H, CHOHCH, 
anti), 4.97 (d, J = 3.3 Hz, 1H, CHOHCH, anti), 5.13 (s, 2H, CHOHCH and NH, syn), 
5.40 (br, 1H, NH, anti), 6.33 - 6.37 (m, 1H, aromatic H, syn and anti), 6.66 - 6.70 (m, 
2H, aromatic H, syn and anti), 6.76 - 6.79 (m, 1H, aromatic  H, syn and anti), 7.47 (d, 
J = 8.8 Hz, 2H, aromatic H, anti), 7.54 (d, J = 8.8 Hz, 2H, aromatic H, syn), 8.12 (d, J = 
8.8 Hz, 2H, aromatic H, anti), 8.17 (d, J = 8.8 Hz, 2H, aromatic H, syn), 13C NMR (125 
MHz, CDCl3) δ 26.9, 26.6 (CH3), 55.5, 55.5 (OCH3), 57.8, 58.9 (CHOHCH), 79.6, 80.0 
(CHOHCH), 109.8, 109.9, 111.3, 118.10, 118.13, 120.92, 120.94, 123.6, 123.8, 128.0, 
128.5, 135.1, 135.3, 145.2, 147.2, 147.2, 147.3, 147.4, 147.6 (aromatic C), 206.3, 206.7 
(CO), IR (neat, KBr) 3378 (br), 2925 (br), 1670 (w), 1596 (m), 1517 (s), 1344 (s), 748 
(m), HRMS (FAB) calcd for C17H19N2O5 [M + H]+ 331.1294, found 331.1267. 
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O HN
NO2
MeO
 
2-((2-Methoxyphenylamino)(4-nitrophenyl)methyl)cyclohexanone (7d) : Mixture of 
diastereoisomers (syn : anti = 3 : 10), orange oil (137 mg, 77 %), 1H NMR (500 MHz, 
CDCl3) δ 1.65 - 1.74 (m, 3H, (CH2)3), 1.91 - 2.05 (m, 3H,  (CH2)3), 2.31 - 2.46 (m, 2H, 
CH2), 2.86 - 2.90 (m, 1H, CHCHNH), 3.88, 3.89 (s, 3H, OCH3), 4.83 (d, J = 5.2 Hz, 1H, 
CHCHNH), 6.28 - 6.33 (m, 1H, aromatic H), 6.61 - 6.68 (m, 2H, aromatic H), 6.76 - 
6.81 (m, 1H, aromatic H), 7.54 - 7.60 (m, 2H, aromatic H), 8.13 (d, J = 8.5 Hz, 2H, 
aromatic H), 13C NMR (125 MHz, CDCl3) δ 24.4, 24.9, 27.1, 27.6, 29.0, 31.5, 42.2, 
42.4 (CH2), 55.5, 55.5 (OCH3), 56.5, 56.6 (CHCHNH), 57.0, 57.1 (CHCHNH), 109.6, 
110.7, 117.2, 120.9, 121.0, 123.5, 128.3, 128.4, 136.5, 147.0, 147.1, 149.8, 150.1 
(aromatic C), 210.0, 211.0 (CO), IR (neat, KBr) 3411 (br), 2937 (br), 1706 (m), 1600 
(m), 1515 (s), 1456 (m), 1346 (s), 1245 (m), 1222 (m), 1027 (m), 736 (m), HRMS 
(FAB) calcd for C20H22N2O4 [M]+ 354.158, found 354.1570. 
 
O
NO2  
(E)-4-(4-nitrophenyl)but-3-en-2-one (5) : pale yellow solid (53 mg, 55 %), mp 107 - 
108 
o
C (recrystallized from hexane - ethyl acetate), 1H NMR (500 MHz, CDCl3) δ 2.41 
(s, 3H, CH3), 6.81 (d, J = 16.3 Hz, 1H, olefinic H), 7.53 (d, J = 16.3 Hz, 1H, olefinic H), 
7.69 (d, J = 9.0 Hz, 2H, aromatic H), 8.25 (d, J = 8.8 Hz, 2H, aromatic H), 13C NMR 
(125 MHz, CDCl3) δ 28.0 (CH3), 124.2, 128.8 (aromatic C), 130.3 (olefinic C), 140.0 
(aromatic C), 140.6 (olefinic C), 148.6 (aromatic C), 197.5 (CO), IR (neat, KBr) 2923 
(br), 1693 (m), 1614 (m), 1513 (s), 1342 (s), 746 (m), HRMS (FAB) calcd for 
C10H10NO3 [M + H]+ 192.0661, found 192.0638. 
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O HN
NO2
O
O
 
tert-Butyl 1-(4-nitrophenyl)-3-oxobutylcarbamate (8) : pale orange solid (50 mg, 
65 %), mp 104 - 106 
o
C (recrystallized from hexane - ethyl acetate), 1H NMR (500 MHz, 
CDCl3) δ 1.40 (s, 9H, C(CH3)3), 2.10 (s, 3H, CH3), 2.96 (d, J = 13.7 Hz, 1H, CH2CH), 
3.07 (d, J = 13.7 Hz, 1H, CH2CH), 5.12 (br, 1H, NH), 5.69 (d, 1H, CH2CH), 7.47 (d, J = 
8.9 Hz, 2H, aromatic H), 8.16 (d, J = 8.9 Hz, 2H, aromatic H), 13C NMR (125 MHz, 
CDCl3) δ 28.3 (C(CH3)3), 30.6 (CH3), 48.5 (CH2CH), 50.5 (CH2CH), 80.3 (C(CH3)3), 
123.8, 127.2, 147.1 (aromatic C), 149.4 (CO), 155.1 (aromatic C), 206.2 (CO), IR (neat, 
KBr) 3345 (br), 2977 (w), 1714 (s), 1606 (w), 1521 (s), 1348 (s), 1251 (w), 1164 (s), 
1049 (w), 856 (m), 750 (w), 700 (w), HRMS (FAB) calcd for C15H21N2O5 [M + H]+ 
309.1450, found 309.1445. 
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3.1 Introduction 
 
In recent years, the development of functional compounds having fluorescence 
properties has been paid much attention. Fluorescent compounds have a good sensitivity 
to detect the chemical species. In biology, the bio-imaging method using fluorescent 
probes enables the researchers to visualize and observe the target on real time. As 
shown in Scheme 3.1, a great number of fluorescent probe are using for various 
purposes. 1) 
O OHO
NH2
H2N
COOH
DAFs
(NO)
O OHO
COOH
H
N
N
N
N
ZnAFs
(Zn2+)
O O
N N
Me
O
N
O
CO2H
CO2H CO2H
HO2C CO2H
Fura 2
(Ca2+)
O
N
N
SEt
O
Et2N
Et2N
SEt
RhBs
(Hg2+)
Scheme 3.1. Various fluorescent probes (detecting chemical species in the parenthesis) 
 
At the view of creation of new materials and development, their synthetic processes 
are fundamental problems in organic synthesis. Various MCRs forming carbon–carbon 
and carbon–heteroatom bonds in one-pot have been developed as useful tools to achieve 
with ease the chemical diversity of products, which are concerned with discovery of 
functional molecules with efficient acquisition and fine tuning of their chemical 
properties. Quinolines and their derivatives are classified as one of the most important 
compounds and widely used from medicines to functional materials. So far a variety of 
synthetic methods such as Skraup2), Doebner-von Miller3), Friedländer4), Combes5), 
Povarov6), Pfitzinger7) reactions have been reported.8) However, most synthetic methods 
proceed under strong acid or basic conditions, therefore the methods cannot be applied 
to molecules having acid sensitive functional groups. The author was interested in 
transition or rare earth metal catalyzed carbon–carbon bond forming reactions which 
proceed under mild conditions in environmentally benign way.9) In recent years the 
author have found that iridium- and ytterbium complexes catalyze the one-pot 
three-component coupling reaction to multi-substituted quinolines10) and  
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2-arylquinolines without substituent at 3-position have strong fluorescence properties. 
2-Arylquinolines have three features; (1) quinoline scaffold can play a role as a 
fluorophore, (2) the chemical diversity of 2-arylquinolines can be easily achieved with 
this method, (3) electronic state of 2-arylquinoline could be controlled with 2-aryl 
moiety. (Scheme 3.2) In this section, the facile synthetic method for 2-arylquinolines 
and the relationship between structure and fluorescence properties were described. 
 
 
Scheme 3.2. Features of 2-arylquinolines 
 
3.2 One-pot synthesis of 2-arylquinolines in the presence of various 
catalysts 
 
  At first the author optimized the one-pot three-component coupling reaction with 
various metal or acid catalysts and results of the reactions of p-anisidine (1a), 
benzaldehyde (2a) and 1,1-diethoxyethane (3) are shown in Table 3.1. When the 
reaction was carried out using Yb(OTf)3 in DMSO under oxygen at 90 oC, 
6-methoxy-2-phenylquinoline (4a) was obtained in 55 % yield (Entry 1). 
1,1-Diethoxyethane (3) was effective as a precursor of enolizable acetaldehyde 
equivalent. However, in the reaction using acetaldehyde and ethyl vinyl ether the yields 
were decreased to 27% and 42% respectively (Entries 2 and 3). The reaction with 
trivalent iridium complexes [IrCl2(H)(cod)]2 and Ir(acac)3 gave 4a in 37% and 49% 
yields respectively (Entries 4 and 5). Reactions with late transition metal complexes 
[Rh(cod)Cl]2 and Ru(acac)3 did not give satisfactory results to afford 4a in 29% and 
37% yields respectively (Entries 6 and 7). Other Lewis acids such as SnCl2 and TiCl4 
did not give the satisfactory results, i.e. 4a was obtained in 30% and 33% yields (Entries 
9 and 10). ZnCl2 is an efficient catalyst to give 4a (54% yield, Entry 8), however, it has 
considerable hygroscopic property. Recently, Prof. Baba et al. reported small amount of 
HCl catalyzed-quinoline synthesis.11) When catalytic amount of HCl in 1,4-dioxane and 
TfOH were used, 4a was obtained in 46% and 34% yields. (Entries 11 and 12).  
 
 
-41- 
 
Chapter 3. Yb(III)-catalyzed One-pot Synthesis and Fluorescence Properties of 
2-Arylquinolines 
 
Although Ir(acac)3 and ZnCl2 have enough Lewis acidity for activation of the imine 
moiety to give 4a in similar yields, Yb(OTf)3 is more convenient to handle because of 
its stability and tolerance in air and moisture. Therefore synthesis of other quinolines 
were carried out with Yb(OTf)3. 
 
a The yields were determined by GC. b 1,2,4-trimethylbenzene was 
used as an internal standard. c Acetaldehyde was used instead of 3.
 d Ethyl vinyl ether was used instead of 3.
Table 3.1. One-pot Three-component Coupling 
Synthesis of 2-Pheylquinolines with Various 
Catalysts
1.0 eq. 1.2 eq. 1.5 eq.
NH2
+
CHO
+
Me H
EtO OEt catalyst
DMSO, 90 °C, 
under O2 (1 atm)
N
1a 2a 3 4a
MeO
OMe
Entry catalyst (mol%) Yielda, b
1
2
3
4
Yb(OTf)3 (5)
[IrCl2(H)(cod)]2 (5)
[RhCl(cod)]2 (5)
Ir(acac)3 (5)5
ZnCl2 (5)
6
SnCl2 (5)
7
8
9
Ru(acac)3 (5)
10 TiCl4 (5)
11 HCl in 1,4-dioxane (5)
55
27c
42d
37
29
49
54
30
37
33
46
12 TfOH (15) 34
 
The plausible reaction mechanism of 6-methoxy-2-phenyquinoline synthesis is 
shown in Scheme 3.3. At first, dehydration of p-anisidine and benzaldehyde proceeds to 
give the imine. The vinyl ether formed by elimination of ethanol from the acetal attacks 
to Yb-activated imine, and subsequent Friedel-Crafts type cyclization of corresponding 
β-amino aldehyde equivalent proceeds to give tetrahydroquinoline. Finally 
auto-oxidation proceeds to give 6-methoxy-2-phenylquinoline. The atmospheric oxygen 
plays a role as an oxidant for dehydrogenation in this reaction mechanism. As shown in 
the mechanism the reaction requires Yb(OTf)3 catalyst and oxygen as a “green” oxidant  
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and ethanol is generated as sole byproduct. 
 
Scheme 3.3. Plausible reaction mechanism of formation of 
6-methoxy-2-phenylquinoline 
 
3.3 Ytterbium-catalyzed one-pot synthesis of various 2-arylquinolines 
 
The reactions of p-anisidine (1a), various arylaldehyde 2 and 1,1-diethoxyethane (3) 
in the presence of catalytic amount of Yb(OTf)3 at 90 °C under oxygen atmosphere 
were carried out to afford the corresponding 6-methoxy-2-arylquinolines 4 in 
satisfactory yields. The results were summarized in Table 3.2 and various substituted 
quinolines were obtained.  
 
 
 
 
 
 
 
NH2
+
-H2O N
Yb cat.
N
[Yb]
OEt
N
H
N
H
OEt
-EtOH
-2[H] NNH
H
O
OEt
Me H
EtO OEt
Friedel-Crafts
type cyclization
H
under O2
OMe
MeO
Imine
β-Amino aldehyde equivalent
MeO
Tetrahydroquinoline
MeO
MeO
MeO
MeO
-EtOH
-H+
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The reaction with 4-(methoxymethoxy)benzaldehyde (2b) gave the corresponding 
MOM-protected 2-arylquinoline 4p in 14% yield, and a deprotected 2-arylquinoline 4q 
in 25% yield, which was caused by acid hydrolysis of 4p with Yb(OTf)3 or trace amount 
of trifluoromethanesulfonic acid from the catalyst. (Scheme 3.4)  
NH2
OMe
+
CHO
OMOM
+
Me H
EtO OEt Yb(OTf)3 (5 mol%)
DMSO, 90 °C, 
under O2 (1 atm)
N
MeO
OR
1a 2b 3
4p (R=MOM, 14 %)
4q (R=H, 25 %)  
Scheme 3.4. Synthesis of 4-(6-methoxyquinolin-2-yl)phenol 
 
 
N
MeO
NO2
N
MeO
N
MeO
N
MeO
OMe
S
N
MeO
N
MeO
N
MeO
NO2
Cl
CN
N
MeO
N
MeO
CF3
4b (39 %)
4n (43 %)
4f (46%)
4c (49 %)
4h (48 %)
4o (40 %)
4g (50 %)
4l (52 %)
N
MeO
NO2
NO2
N
MeO
NO2
N
MeO
NO2
OMe
N
MeO
Cl
4a (50 %) 4d (11 %)
4e (50 %)
4m (43 %)
N
MeO
CO2Me
4i (24 %)
Cl
Product (Yielda)
a Isolated yields based on 1a.
4j (54 %)
1.0 eq. 1.2 eq. 1.5 eq.
NH2
+
CHO
R
+
Me H
EtO OEt
Yb(OTf)3 (5 mol%)
DMSO, 90 °C, 
under O2 (1 atm)
N
R
1a 2 3 4
Table 3.2. Yb-catalyzed One-pot Synthesis of 6-Methoxy-2-arylquinolines with Various Arylaldehydes
N
MeO
4k (55 %)
Cl
MeO
OMe
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For comparison of fluorescence properties of 2-arylquinolines, several 
2-arylquinoline derivatives were also synthesized. The reduction of nitro group in 4c 
using Pd/C-H2 system gave the quinoline amine 4r in 76% yield. (Scheme 3.5)  
 
N
MeO
NO2
Pd/C, H2 (1 atm)
AcOH, rt
N
MeO
NH2
4r (76 %)4c  
Scheme 3.5. Hydrogenation reduction of 4c 
 
  The reaction with 2,4-dimethoxyaniline (1b) and N,N-dimethyl-p-phenylenediamine 
(1c), instead of p-anisidine, gave the corresponding 2-phenylquinoline derivatives 4s 
and 4t in 52% and 27% yields. (Table 3.3) 
 
N
MeO
4a (50 %)
N
MeO
OMe
N
Me2N
4t (27 %)4s (52 %)
a Isolated yields based on arylamine 1.
Product (Yielda)
Table 3.3. Yb-catalyzed One-pot Synthesis of 2-Pheylquinolines with Various Arylamines
1.0 eq. 1.2 eq. 1.5 eq.
NH2
R1
+
CHO
+
Me H
EtO OEt
Yb(OTf)3 (5 mol%)
DMSO, 90 °C, 
under O2 (1 atm)
N
R1
1 2a 3 4
 
 
3.4 Synthesis of 2-aryl-N-methylquinolinium and 2-arylquinoline 
N-oxide derivatives 
 
  For the comparison of fluorescent properties 2-arylquinoline derivatives, 5a and 5b, 
were prepared. As shown in Scheme 3, N-methylation of 6-methoxy-2-phenylquinoline  
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(4a) with methyl trifluoromethanesulfonate gave the corresponding 
2-aryl-N-methylquinolinium triflate salt 5a in 80% yield.12) On the other hand, 
6-methoxy-2-phenylquinoline N-oxide (5b) was obtained via the treatment of 4a with 
mCPBA in 56% yield.13) (Scheme 3.6) 
N
MeO
MeOTf
CH2Cl2, 60 °C N
MeO
Me
5a (80 %)
N
MeO
mCPBA
5b (56 %)
O
OTf
N
MeO
CHCl3, 0 °C - rt
4a
4a  
Scheme 3.6. Synthesis of 2-aryl-N-methylquinolinium and 2-arylquinoline N-oxide 
derivatives 
 
3.5 Fluorescent properties of 2-arylquinolines 
 
Fluorescence of synthesized 2-arylquinolines was measured in CHCl3 or DMSO 
solutions (The detail of the measurement conditions, see experimental section). The 
most of the 2-arylquinolines were excited at 320 nm. All fluorescence quantum 
efficiencies were obtained with the following equation. (F denotes the area under the 
fluorescence band (F = ΣIex (λ), where Iex(λ) is the fluorescence intensity at each 
emission wavelength), A denotes the absorbance at the excitation wavelength, and n 
denotes the refractive index of the solvent)14) 
 
ΦX = Φst ∙ �FxFst� ∙ �AstAX � ⋅ �nX 2nst 2�  (eq.1) 
 
As shown in Table 3.4, 2-phenylquinoline (6) had a large Stokes shift and did not 
show the fluorescence, however, by introducing methoxy group in 6-position of 
quinoline ring, Φ of 4a have been increased because of increase of electron density of 
quinoline rings. (Entries1 & 2) More electron-rich quinolines 4s and 4t also showed  
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good Φs and 4t showed a large Stokes shift. (Entries 3 & 4)  From these results, the 
electron density of the quinoline ring may cause the high fluorescence intensity. 
Surprisingly, 3-ethyl-6-methoxy-2-phenylquinoline15) (7) and 
2-(2-chlorophenyl)-6-methoxyquinoline (4k) showed low fluorescence. (Entries 5 & 6) 
The dihedral angle of quinoline scaffold and aryl moiety had a possibility of correlation 
with the fluorescence. Then the dihedral angles were calculated with 6-31G**/B3LYP 
by Gaussian 98.17) From the results of calculations, deconjugation between quinoline 
scaffold and aryl moiety occurred with the increase of dihedral angle, which may causes 
low fluorescence. (Fig. 3.1) In recent years, Prof. Nagano et al. reported notable 
fluorescence probes of fluorescein-xanthene system. In these probes, benzene moiety 
and fluorophore were orthogonal to each other and played an important role to 
photoinduced electron transfer (PeT). 16)  
 
N
MeO
OMe
N
Me2N
N
MeO
N
242
360
32393
272
400
44462
276
433, 443
32364
5
3 4
258
36299
2
443.5
Entry
Table 3.4. Fluorescence Properties of 2-Arylquinoline Derivatives
a Excited at 320nm. b Obtained by calculation, based on the quinine sulfate as the standard (Φq=0.55).
λ em, max(nm)a
Φb
λ abs, max(nm)
ε (M-1cm-1)
0.002
0.04
0.74 0.76
N
MeO
256
369
28475
6
0.12
Cl
Entry
λ em, max(nm)a
Φb
λ abs, max(nm)
ε (M-1cm-1)
4s 4t
7 4k
6
N
MeO
1
370
0.39
264
39616
4a
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Fig. 3.1. Structures of 3-alkyl-2-arylquinoline and 2-arylquinolines and its dihedral 
angles ; (a) 6-methoxy-2-phenylquinoline (4a) (Entry 1 in Table 6), (b) 
3-ethyl-6-methoxy-2-phenylquinoline (7) (Entry 5 in Table 6) and (c) 
2-(2-chlorophenyl)-6-methoxyquinoline (4k) (Entry 6 in Table 6). (Green : C, 
White : H, Red : O, Blue : N, Purple : Cl, dihedral angle is shown in the 
parenthesis) 
 
Next, 6-methoxy-2-arylquinolines 4 were ordered in LUMO energies levels 
(calculated with 6-31G**/B3LYP by Gaussian 9817)). As shown in Table 3.5, 4r showed 
a large Stokes shift in this series. The synthesized 6-methoxy-2-arylquinolines 4r, 4o 
and 4q having electron donating groups of the aryl moiety (Entries 1, 2, 4) showed good 
Φs (0.57, 0.61 and 0.54) relatively, and 2-arylquinolines 4f, 4j, 4l and 4h having 
electron withdrawing group of the aryl moiety (Entries 5, 6, 7, 8) showed Φs in 0.23, 
0.44, 0.48 and 0.41, however other quinolines 4g, 4i and 4e showed good Φs (0.77, 0.60 
and 0.64). (Entries 9, 10, 11) These differences had been caused by steric hindrance or 
electron repulsion of aryl moiety. Furthermore quenching of fluorescence was observed 
by introducing nitro group(s) in 2-aryl moiety. (Entries 12, 13, 14, 15) 
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λ em, max(nm)a
Φb
LUMO energy(hartrees)c
378
0.77
-0.03598
425
0.57
370
0.39
0.00263
372388
0.23
Φb
LUMO energy(hartrees)c
380
11
51 2 3 6 7
369
9
N R1
-0.0248
0.0030.64
-
MeO
0.44
-0.00840
NH2
λ abs, max(nm)
264
240, 296 264 284
0.01287
382
0.61
0.00404
12
276
OMe
-0.01343
S
276
264
CN
-0.07604-0.05242
NO2
NO2
0.000
-
264
-0.08568
0.004
-
242
-0.0895
a Excited at 320nm. b Obtained by calculation, based on the quinine sulfate as the standard (Φq=0.55).
c LUMO energy levels were calculated with 6-31G**/B3LYP by Gaussian 98.
0.48
270
13 14
Entry
Entry
270
Table 3.5. Fluorescence Properties of 6-Methoxy-2-arylquinolines
396
0.54
0.00051
4
280
OH
Cl
Cl
Cl
370
-0.02712
8
264
CF3
0.41
379
10
0.60
276
CO2Me
-0.04372
OMe
NO2
0.000
-
240
-0.11535
15
O2N NO2
Me
ε (M-1cm-1) 21372 39616 3826321307 3823928647 30676 36808
ε (M-1cm-1) 55529 36240 1444942409 3011033751 38437
λ em, max(nm)a
λ abs, max(nm)
4f4r 4o 4a 4j 4l4q 4h
4e4g 4m 4n 4c4i 4d
 
 
Furthermore, 2-aryl-N-methylquinolinium and 2-arylquinoline N-oxide derivatives 5a 
and 5b showed lower fluorescence than the corresponding quinoline 4a. (Table 3.6) As 
shown above, 2-arylquinolines including nitro group in aryl moiety had no fluorescence 
in spite of energy absorption. In recent years, Prof. Albini et al. reported the 
intramolecular electron transfer in the photochemistry of some 
nitrophenyldihydropyridines.18) The author supposed that the photochemical reaction 
with nitro group might occur in the 2-arylquinoline and the fluorescence would be 
quenched by generation of nitro radical species. Prof. Nagano et al. succeeded to 
observe radical species of fluorescein under UV irradiation with ESR.19) To confirm the 
radical species, The author also tried to measure ESR spectrum, but in this case no mean 
signals were observed.  
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242, 268
23740
260
459
30288
32
371.5
264
370
39616
1
N
MeO
MeOTf
N
MeO
N
MeO
O
Entry
a Excited at 320nm. b Obtained by calculation, based on the quinine sulfate as the standard (Φq=0.55).
Table 3.6. Fluorescence Properties of 2-Aryl-N-methylquinolinium and 2-Arylquinoline 
N-oxide Derivatives
0.010.150.39
λ em, max(nm)a
Φb
λ abs, max(nm)
ε (M-1cm-1)
5b5a4a
 
 
3.6 Summary 
 
In conclusion, the author have found Yb(III)-catalyzed one-pot synthesis of 
2-arylquinolines in satisfactory yields, and the author also synthesized N-methyl and 
N-oxide quinoline derivatives. The most synthetic 2-arylquinolines had fluorescence 
properties, although the 2-arylquinolines which has nitro group in 2-aryl moiety showed 
no fluorescence. Further application for the fluorescent probe is undergoing.  
 
3.7 Experimental section 
 
[General procedure of Yb-catalyzed 2-arylquinoline synthesis] 
A mixture of Yb(OTf)3 (15.5 mg, 0.025 mmol), arylamine (0.50 mmol), arylaldehyde 
(0.60 mmol) and DMSO (1 mL) was stirred at rt for 1 h. Then acetal (0.107 mL, 0.75 
mmol) was added into the reaction mixture, and the mixture was stirred at 90 ºC for 16 
h under atmospheric oxygen. After the reaction, the mixture was washed with phosphate 
buffered saline (50 mL) and extracted with AcOEt (20 mL × 3). The organic layer was 
dried over MgSO4. Removal of the solvent in vacuo, followed by chromatography on 
silica gel column (AcOEt / Hexane = 5 / 95), afforded 4. 
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N
MeO
 
6-Methoxy-2-phenylquinoline (4a) : white solid (59 mg, 50 %), 1H NMR (500 MHz, 
CDCl3) δ 3.94 (s, 3H, OCH3), 7.09 (d, J = 3.4 Hz, 1H, aromatic H), 7.38 (dd, J = 9.1, 
2.8  Hz, 1H, aromatic H), 7.42 - 7.45 (m, 1H, aromatic H), 7.50 – 7.53(m, 2H, 
aromatic H),  7.83 (d, J = 8.5 Hz, 1H, aromatic H), 8.07 (d, J = 9.1 Hz, 1H, aromatic 
H), 8.11 (d, J = 8.5 Hz, 1H, aromatic H), 8.12 – 8.14 (m, 2H, aromatic H), 13C NMR 
(125 MHz, CDCl3) δ  55.5 (OCH3), 105.0, 119.2, 122.3, 127.3, 128.1, 128.8, 128.9, 
131.2, 135.5, 139.8, 144.4, 155.1, 157.7 (aromatic C), IR (neat, ATR) 3004 (w), 1619 
(m), 1595 (m), 1556 (w), 1489 (m), 1453 (m), 1377 (m), 1338 (w), 1322 (w), 1226 (m), 
1162 (m), 1119 (w), 1078 (w), 1053 (w), 1020 (s), 952 (w), 917 (w), 860 (m), 831 (s), 
786 (m), 761 (s), 699 (s), 626 (m), 595 (m), HRMS (FAB) calcd for C16H14NO [M+H]+ 
236.1075, found 236.1091. 
 
N
MeO
NO2
 
6-Methoxy-2-(3-nitrophenyl)quinoline (4b) : yellowish white solid (55 mg, 39 %), 1H 
NMR (500 MHz, CDCl3) δ 3.94 (s, 3H, OCH3), 7.09 (d, J = 3.4 Hz, 1H, aromatic H), 
7.38 (dd, J = 9.1, 2.8 Hz, 1H, aromatic H), 7.42 - 7.45 (m, 1H, aromatic H), 7.50 – 
7.53(m, 2H, aromatic H),  7.83 (d, J = 8.5 Hz, 1H, aromatic H), 8.07 (d, J = 9.1 Hz, 1H, 
aromatic H), 8.11 (d, J = 8.5 Hz, 1H, aromatic H), 8.12 – 8.14 (m, 2H, aromatic H), 13C 
NMR (125 MHz, CDCl3) δ  55.5 (OCH3), 105.0, 119.2, 122.3, 127.3, 128.1, 128.8, 
128.9, 131.2, 135.5, 139.8, 144.4, 155.1, 157.7 (aromatic C), IR (neat, ATR) 3085 (br), 
2839 (w), 1622 (m), 1598 (m), 1559 (w), 1518 (s), 1494 (s), 1433 (w), 1381 (m), 1356 
(s), 1249 (m), 1225 (s), 1166 (m), 1123 (m), 1110 (m), 1049 (w), 1022 (m), 957 (w), 
933 (w), 885 (m), 854 (m), 833 (s), 814 (s), 796 (s), 752 (m), 736 (s), 690 (m), 667 (m), 
629 (w), 594 (w), HRMS (FAB) calcd for C16H13N2O3 [M+H]+ 281.0926, found 
281.0931. 
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N
MeO
NO2  
6-Methoxy-2-(4-nitrophenyl)quinoline (4c) : yellow solid (66 mg, 47 %), 1H NMR 
(500 MHz, CDCl3) δ 3.96 (s, 3H, OCH3), 7.12 (d, J = 2.4 Hz, 1H, aromatic H), 7.43 (dd, 
J = 9.2, 2.7 Hz, 1H, aromatic H), 7.88 (d, J = 8.9 Hz, 1H, aromatic H), 7.50 – 7.53(m, 
2H, aromatic H), 7.83 (d, J = 8.5 Hz, 1H, aromatic H), 8.08 (d, J = 9.2 Hz, 1H, aromatic 
H), 8.18 (d, J = 8.5 Hz, 1H, aromatic H), 8.34 (q, J = 17.4, 9.2 Hz, 4H, aromatic H), 13C 
NMR (125 MHz, CDCl3) δ  55.6 (OCH3), 104.9, 119.0, 123.1, 124.0, 127.9, 128.7, 
131.4, 135.9, 144.5, 145.6, 148.1, 152.1, 158.5 (aromatic C), IR (neat, ATR) 1620 (m), 
1593 (m), 1509 (s), 1488 (s), 1451 (w), 1380 (w), 1335 (s), 1251 (m), 1223 (s), 1190 
(w), 1160 (w), 1120 (m), 1047 (w), 1020 (s), 953 (w), 919 (w), 849 (s), 833 (s), 810 (s), 
751 (s), 695 (s), 676 (w), 626 (w), 590 (w), 535 (w), HRMS (FAB) calcd for 
C16H13N2O3 [M+H]+ 281.0926, found 281.0900. 
 
N
MeO
NO2
NO2
 
6-Methoxy-2-(3,5-dinitrophenyl)quinoline (4d) : yellow solid (18 mg, 11 %), 1H 
NMR (500 MHz, CDCl3) δ 3.98 (s, 3H, OCH3), 7.14 (s, 1H, aromatic H), 7.45 - 7.48 (m, 
1H, aromatic H), 7.96 (d, J = 8.5 Hz, 1H, aromatic H), 8.11 (d, J = 9.2 Hz, 1H, aromatic 
H), 8.25 (d, J = 8.5 Hz, 1H, aromatic H), 9.06 - 9.07 (m, 1H, aromatic H), 9.37 (s, 2H, 
aromatic H), 13C NMR (125 MHz, CDCl3) δ  55.7 (OCH3), 104.9, 118.0, 118.3, 123.7, 
126.8, 129.2, 131.5, 136.4, 143.3, 144.4, 149.2, 152.9, 158.9 (aromatic C), IR (neat, 
ATR) 3096 (w), 3010 (w), 2918 (br), 2836 (br), 1710 (m), 1617 (m), 1591 (w), 1530 (s), 
1501 (s), 1483 (s), 1460 (m), 1432 (w), 1402 (w), 1380 (m), 1339(s), 1257 (m), 1227 (s), 
1165 (w), 1119 (m), 1073 (m), 1056 (m), 1021 (s), 957 (w), 920 (w), 860 (w), 810 (s), 
759 (m), 728 (m), 701 (w), 692 (w), 649 (m), 630 (w), 528 (w), 478 (m), 457 (w), 
HRMS (FAB) calcd for C16H12N3O5 [M+H]+ 326.0777, found 326.0782. 
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N
MeO
CN  
4-(6-Methoxyquinolin-2-yl)benzonitrile (4e) : reddish white solid (66 mg, 50 %), 1H 
NMR (500 MHz, CDCl3) δ 3.96 (s, 3H, OCH3), 7.10 (d, J = 2.8 Hz, 1H, aromatic H), 
7.41 (dd, J = 9.6, 2.8 Hz, 1H, aromatic H), 7.78 (d, J = 7.9 Hz, 2H, aromatic H), 8.05 (d, 
J = 9.6 Hz, 1H, aromatic H), 8.15 (d, J = 8.5 Hz, 1H, aromatic H), 8.25 (d, J = 8.5 Hz, 
2H, aromatic H), 13C NMR (125 MHz, CDCl3) δ  55.6 (OCH3), 104.9, 112.3 (aromatic 
C), 118.8 (CN), 118.9, 123.0, 127.7, 128.6, 131.3, 132.5, 135.8, 143.8, 144.4, 152.4, 
158.3 (aromatic C), IR (neat, ATR) 2227 (m), 1600 (w), 1548 (w), 1490 (w), 1477 (w), 
1451 (w), 1418 (w), 1396 (w), 1378 (w), 1333 (w), 1249 (w), 1228 (w), 1192 (w), 1165 
(m), 1122 (w), 1022 (m), 954 (w), 920 (w), 868 (w), 850 (m), 831 (s), 808 (s), 778 (m), 
729 (w), 641 (w), 595 (m), 568 (w), 543 (s), HRMS (FAB) calcd for C17H13N2O 
[M+H]+ 261.1028, found 261.1043. 
 
N
MeO
S
 
6-Methoxy-2-(thiophen-2-yl)quinoline (4f) : white solid (56 mg, 46 %), 1H NMR (500 
MHz, CDCl3) δ 3.93 (s, 3H, OCH3), 7.04 (d, J = 2.8 Hz, 1H, aromatic H), 7.12 – 7.14 
(m, 1H, aromatic H), 7.34 (dd, J = 9.6, 2.8 Hz, 1H, aromatic H), 7.42 (dd, J = 5.1, 1.1 
Hz, 1H, aromatic H), 7.66 – 7.67 (m, 1H, aromatic H), 7.74 (d, J = 8.5 Hz, 1H, aromatic 
H), 7.98 (d, J = 9.1 Hz, 1H, aromatic H), 8.02 (d, J = 8.5 Hz, 1H, aromatic H), 13C 
NMR (125 MHz, CDCl3) δ  55.5 (OCH3), 105.3, 118.0, 122.3, 125.0, 127.8, 128.0, 
128.1, 130.7, 135.3, 144.1, 145.5, 150.2, 157.6 (aromatic C), IR (neat, ATR) 3097 (w), 
2930 (w), 1619 (m), 1593 (m), 1560 (w), 1491 (m), 1456 (w), 1422 (m), 1377 (m), 1361 
(m), 1334 (m), 1311 (w), 1251 (m), 1224 (s), 1195 (w),  1163 (m), 1114 (m), 1051 (w), 
1025 (s), 951 (w), 969 (w), 908 (w), 853 (m), 832 (s), 813 (m), 728 (w), 710 (s), 646 
(w), 627 (m), 600 (m), HRMS (FAB) calcd for C14H12NOS [M+H]+ 242.0640, found 
242.0669. 
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N
MeO
 
6-Methoxy-2-(naphthalen-3-yl)quinoline (4g) : yellowish white solid (71 mg, 50 %), 
1H NMR (500 MHz, CDCl3) δ 3.95 (s, 3H, OCH3), 7.10 (d, J = 2.8 Hz, 1H, aromatic H), 
7.40  (dd, J = 9.6, 2.8 Hz, 1H, aromatic H), 7.50 – 7.52 (m, 2H, aromatic H), 7.87 – 
7.89 (m, 1H, aromatic H), 7.94 – 7.99 (m, 3H, aromatic H), 8.11 (d, J = 9.6 Hz, 1H, 
aromatic H), 8.14 (d, J = 8.5 Hz, 1H, aromatic H), 8.33 (dd, J = 8.5, 1.7 Hz, 1H, 
aromatic H), 8.57 (s, 1H, aromatic H), 13C NMR (125 MHz, CDCl3) δ  55.6 (OCH3), 
105.1, 119.4, 122.4, 125.0, 126.2, 126.5, 126.6, 127.7, 128.2, 128.5, 128.7, 131.2, 133.5, 
133.7, 135.5, 137.1, 144.4, 154.8, 157.7 (aromatic C), IR (neat, ATR) 2997 (w), 1617 
(w), 1593 (w), 1557 (w), 1509 (w), 1481 (w), 1460 (w), 1432 (w), 1379 (w), 1333 (w), 
1252 (w), 1224 (m), 1199 (w), 1163 (m), 1128 (w), 1113 (w), 1026 (s), 958 (w), 948 (w), 
920 (w), 895 (w), 858 (s), 830 (s), 811 (s), 780 (w), 742 (m), 731 (w), 699 (w), 627 (w), 
589 (w), HRMS (FAB) calcd for C20H16NO [M+H]+ 286.1232, found 286.1243. 
 
N
MeO
CF3  
2-(4-(Trifluoromethyl)phenyl)-6-methoxyquinoline (4h) : white solid (73 mg, 48 %), 
1H NMR (500 MHz, CDCl3) δ 3.95 (s, 3H, OCH3), 7.09 (d, J = 2.3 Hz, 1H, aromatic H), 
7.41  (dd, J = 9.6, 2.8 Hz, 1H, aromatic H), 7.76 (d, J = 8.5 Hz, 2H, aromatic H), 7.82 
(d, J = 8.5 Hz, 1H, aromatic H), 8.07 (d, J = 9.1 Hz, 1H, aromatic H), 8.12 (d, J = 8.5 
Hz, 1H, aromatic H), 8.24 (d, J = 7.9 Hz, 2H, aromatic H), 13C NMR (125 MHz, 
CDCl3) δ  55.5 (s, OCH3), 104.9, 119.0, 121.0 (s, aromatic C), 124.3 (q, 1JCF = 271 Hz, 
CF3), 125.7 (q, 3JCF = 3.6 Hz, aromatic C), 127.5, 128.5 (s, aromatic C), 130.7 (q, 2JCF = 
33 Hz, aromatic C), 131.3, 135.7, 143.0, 144.4, 153.2, 158.1 (s, aromatic C), IR (neat, 
ATR) 2974 (w), 1612 (m), 1593 (w), 1556 (w), 1496 (m), 1477 (m), 1438 (w), 1420 (w), 
1380 (w), 1321 (s), 1308 (s), 1249 (m), 1226 (m), 1189 (w), 1159 (m), 1121 (s), 1107 (s), 
1069 (s), 1025 (s), 1012 (s), 955 (w), 918 (w), 854 (m), 833 (s), 811 (s), 781 (w), 739 
(w), 684 (m), 628 (w), 605 (m), 533 (w), HRMS (FAB) calcd for C17H13F3NO [M+H]+  
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304.0949, found 304.0974. 
 
N
MeO
CO2Me  
Methyl 4-(6-methoxyquinolin-2-yl)benzoate (4i) : yellowish white solid (35 mg, 
24 %), 1H NMR (500 MHz, CDCl3) δ  3.96 (s, 3H, OCH3), 3.96 (s, 3H, OCH3), 7.10 (d, 
J = 2.7 Hz, 1H, aromatic H), 7.40 (dd, J = 9.2, 2.7 Hz, 1H, aromatic H), 7.87 (d, J = 7.9 
Hz, 1H, aromatic H), 8.08 (d, J = 9.2 Hz, 1H, aromatic H), 8.14 (d, J = 8.5 Hz, 1H, 
aromatic H), 8.17 (d, J = 8.5 Hz, 2H, aromatic H), 8.22 (d, J = 8.5 Hz, 2H, aromatic H), 
13C NMR (125 MHz, CDCl3) δ  52.1, 55.6 (OCH3), 105.0, 119.2, 122.7, 127.1, 128.5, 
130.1, 130.3, 131.3, 135.6, 143.9, 144.4, 153.6, 158.1 (aromatic C), 167.0 (CO), IR 
(neat, ATR) 2949 (br), 2842 (w), 1709 (s), 1621 (m), 1604 (m), 1494 (m), 1479 (w), 
1453 (w), 1432 (w), 1377 (w), 1335 (w), 1313 (w), 1276 (s), 1246 (s), 1226 (s), 1191 
(m), 1180 (m), 1165 (m), 1105 (s), 1049 (w), 1021 (m), 1015 (m), 953 (w), 857 (m), 831 
(s), 785 (m), 766 (s), 707 (s), 629 (w), 595 (w), 534 (w), 502 (w), 478 (w) , 445 (w), 
436 (w), 412 (w), HRMS (FAB) calcd for C18H15NO3 [M]+ 293.1052, found 293.1056, 
C18H16NO3 [M + H]+ 294.113, found 294.1126. 
 
N
MeO
Cl
 
2-(3-Chlorophenyl)-6-methoxyquinoline (4j) : white solid (73 mg, 54 %), 1H NMR 
(500 MHz, CDCl3) δ 3.95 (s, 3H, OCH3), 7.09 (d, J = 2.8 Hz, 1H, aromatic H), 7.38 – 
7.45 (m, 3H, aromatic H), 7.79 (d, J = 8.5 Hz, 1H, aromatic H), 7.98 – 8.00 (m, 1H, 
aromatic H), 8.06 (d, J = 9.1 Hz, 1H, aromatic H), 8.11 (d, J = 8.5 Hz, 1H, aromatic H), 
8.16 (t, J = 1.7 Hz, 1H, aromatic H), 13C NMR (125 MHz, CDCl3) δ  55.6 (OCH3), 
104.9, 118.9, 122.6, 125.3, 127.4, 128.4, 128.9, 130.0, 131.2, 134.9, 135.7, 141.5, 144.3, 
153.4, 157.9 (aromatic C), IR (neat, ATR) 2925 (w), 1617 (m), 1592 (m), 1556 (m), 
1479 (w), 1448 (w), 1424 (w), 1374 (w), 1333 (w), 1241 (w), 1220 (m), 1160 (m), 1119 
(w), 1099 (w), 1078 (w), 1051 (w), 1026 (s), 952 (w), 877 (m), 854 (m), 830 (s), 785  
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(s), 761 (m), 701 (w), 676 (s), 659 (w), 629 (m), HRMS (FAB) calcd for C16H13ClNO 
[M+H]+ 270.0686, found 270.0687. 
 
N
MeO
Cl
 
2-(2-Chlorophenyl)-6-methoxyquinoline (4k) : yellow solid (75 mg, 55 %), 1H NMR 
(500 MHz, CDCl3) δ 3.97 (s, 3H, OCH3), 7.12 (d, J = 3.4 Hz, 1H, aromatic H), 7.34 – 
7.41 (m, 3H, aromatic H), 7.49 – 7.51 (m, 1H, aromatic H), 7.68 – 7.71 (m, 2H, 
aromatic H), 8.07 (d, J = 9.1 Hz, 1H, aromatic H), 8.10 (d, J = 8.5 Hz, 1H, aromatic H), 
13C NMR (125 MHz, CDCl3) δ  55.6 (OCH3), 105.0, 122.4, 123.0, 127.1, 128.1, 129.6, 
130.0, 131.1, 131.7, 132.4, 134.4, 139.7, 144.2, 154.9, 158.0 (aromatic C), IR (neat, 
ATR) 2935 (w), 2831 (w), 1620 (m), 1597 (m), 1557 (w), 1484 (m), 1458 (w), 1432 (w), 
1400 (w), 1379 (m), 1338 (w), 1311 (w), 1243 (w), 1221 (s), 1162 (m), 1122 (m), 1084 
(w), 1027 (s), 956 (w), 919 (w), 872 (w), 845 (m), 834 (s), 775 (w), 747 (s), 723 (w), 
701 (m), 658 (w), 621 (m), 538 (w), HRMS (FAB) calcd for C16H13ClNO [M+H]+ 
270.0686, found 270.0687. 
 
N
MeO
Cl
Cl  
2-(3,4-Dichlorophenyl)-6-methoxyquinoline (4l) : yellowish white solid (79 mg, 
52 %), 1H NMR (500 MHz, CDCl3) δ  3.95 (s, 3H, OCH3), 7.09 (d, J = 2.7 Hz, 1H, 
aromatic H), 7.40 (dd, J = 9.2, 2.7 Hz, 1H, aromatic H), 7.57 (d, J = 8.2 Hz, 1H, 
aromatic H), 7.79 (d, J = 8.5 Hz, 1H, aromatic H), 7.97 (dd, J =8.5, 2.1 Hz, 1H, 
aromatic H), 8.04 (d, J = 9.2 Hz, 1H, aromatic H), 8.12 (d, J = 8.5 Hz, 1H, aromatic H), 
8.28 (d, J = 2.1 Hz, 1H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 55.6 (OCH3),  
105.0, 118.5, 122.8, 126.2, 128.4, 129.1, 130.7, 131.1, 131.2, 133.1, 135.8, 139.7, 144.3, 
152.3, 158.1 (aromatic C), IR (neat, ATR) 3077 (w), 3028 (w), 2947 (w), 2838 (w), 
1686 (w), 1625 (m), 1599 (w), 1552 (w), 1485 (s), 1464 (m), 1435 (w), 1415 (w), 1382  
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(m), 1372 (m), 1334 (m), 1246 (m), 1225 (s), 1166(m), 1119 (m), 1056 (w), 1024 (s), 
953 (w), 928 (w), 886 (w), 847 (s), 824 (s), 804 (s), 723 (w), 708 (w), 673 (m), 638 (w), 
600 (w), 568 (w), 543 (w), 510 (w), 489 (w), 477 (w), 457 (m), 421 (w), 406 (w), 
HRMS (FAB) calcd for C16H11NOCl2 [M]+ 303.0218, found 303.0189, C16H12NOCl2 
[M + H]+ 304.0296, found 304.0275. 
 
N
MeO
NO2
OMe
 
6-Methoxy-2-(4-methoxy-3-nitrophenyl)quinoline (4m) : yellowish orange solid (66 
mg, 43 %), 1H NMR (500 MHz, CDCl3) δ  3.95 (s, 3H, OCH3), 4.03 (s, 3H, OCH3), 
7.09 (d, J = 2.8 Hz, 1H, aromatic H), 7.21 (d, J = 2.8 Hz, 1H, aromatic H), 7.39 (dd, J = 
9.2, 2.8 Hz, 1H, aromatic H), 7.79 (d, J = 8.6 Hz, 1H, aromatic H), 8.03 (d, J = 9.2 Hz, 
1H, aromatic H), 8.12 (d, J = 8.9 Hz, 1H, aromatic H), 8.38 (dd, J = 8.9, 2.4 Hz, 1H, 
aromatic H), 8.66 (d, J = 2.1 Hz, 1H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 55.5, 
56.7 (OCH3), 105.0, 113.7, 118.1, 122.7, 124.3, 128.2, 131.0, 132.3, 132.5, 135.8, 144.3, 
151.8, 153.4, 157.9 (aromatic C), IR (neat, ATR) 2945 (br), 2841 (w), 1624 (m), 1597 
(w), 1558 (w), 1528 (m), 1493 (m), 1456 (w), 1377 (w), 1343 (m), 1265 (s), 1245 (s), 
1226 (s), 1141 (w), 1121 (w), 1087 (w), 1023 (m), 1007 (s), 894 (w), 886 (w), 824 (s), 
796 (s), 761 (w), 691 (w), 613 (w), 588 (w), 539 (w), 521 (w), 477 (m), HRMS (FAB) 
calcd for C17H14N2O4 [M]+ 310.0954, found 310.0993, C17H15N2O4 [M + H]+ 311.1032, 
found 311.1033. 
 
N
MeO
NO2  
6-Methoxy-2-(4-methyl-3-nitrophenyl)quinoline (4n) : yellowish white solid (63 mg, 
43 %), 1H NMR (500 MHz, CDCl3) δ  2.65 (s, 3H, CH3), 3.94 (s, 3H, OCH3), 7.08 (d, J 
= 2.4 Hz, 1H, aromatic H), 7.39 (dd, J = 9.5, 2.7 Hz, 1H, aromatic H), 7.45 (d, J = 7.9  
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Hz, 1H, aromatic H), 7.81 (d, J = 8.5 Hz, 1H, aromatic H), 8.04 (d, J = 9.5 Hz, 1H, 
aromatic H), 8.12 (d, J = 8.5 Hz, 1H, aromatic H), 8.29 (d, J = 7.9 Hz, 1H, aromatic H), 
8.75 (s, 1H, aromatic H), 13C NMR (125 MHz, CDCl3) δ  20.3 (CH3), 55.5 (OCH3), 
104.9, 118.3, 122.8, 123.1, 128.5, 131.1, 131.2, 133.2, 133.8, 135.8, 138.9, 144.3, 14.7, 
151.9, 158.1 (aromatic C), IR (neat, ATR) 2933 (br), 2837 (br), 1624 (w), 1596 (w), 
1556 (w), 1523 (m), 1504 (w), 1378 (w), 1335 (s), 1245 (m), 1223 (s), 1162 (m), 1120 
(w), 1078 (w), 1021 (s), 886 (w), 848 (m), 828 (s), 815 (s), 799 (m), 755 (m), 737 (w), 
697 (w), 618 (w), 595 (w), 515 (w), 472 (m), 412 (w), HRMS (FAB) calcd for 
C17H14N2O3 [M]+ 294.1004, found 294.1038, C17H15N2O3 [M + H]+ 295.1083, found 
295.1111. 
 
N
MeO
OMe  
6-Methoxy-2-(4-methoxyphenyl)quinoline (4o) : yellowish white solid (53 mg, 40 %), 
1H NMR (500 MHz, CDCl3) δ 3.88 (s, 3H, OCH3), 3.93 (s, 3H, OCH3), 7.03 (d, J = 9.1 
Hz, 2H, aromatic H), 7.07 (d, J = 2.8 Hz, 1H, aromatic H), 7.35 (dd, J = 9.1, 2.8 Hz, 1H, 
aromatic H), 7.78 (d, J = 8.5 Hz, 1H, aromatic H), 8.02 (d, J = 9.1 Hz, 1H, aromatic H), 
8.06 (d, J = 8.5 Hz, 1H, aromatic H), 8.09 (d, J = 9.1 Hz, 2H, aromatic H), 13C NMR 
(125 MHz, CDCl3) δ  55.4, 55.5 (OCH3), 105.1, 114.2, 118.8, 122.1, 127.7, 128.5, 130.9, 
132.4, 135.4, 144.3, 154.7, 157.4, 160.5 (aromatic C), IR (neat, ATR) 2960 (w), 1619 
(m), 1595 (s), 1551 (w), 1515 (w), 1492 (s), 1459 (w), 1440 (w), 1377 (m), 1337 (w), 
1321 (w), 1282 (w), 1248 (m), 1226 (m), 1176 (m), 1162 (m), 1112 (m), 1026 (s), 952 
(w), 917 (w), 860 (w), 843 (m), 829 (s), 808 (s), 785 (m), 732 (m), 646 (w), 594 (m), 
546 (m), HRMS (FAB) calcd for C17H16NO2 [M+H]+ 266.1181, found 266.1155. 
 
N
MeO
OH  
4-(6-Methoxyquinolin-2-yl)phenol (4q) : yellowish white solid (32 mg, 25 %), 1H 
NMR (500 MHz, DMSO-d6) δ  3.90 (s, 3H, OCH3), 6.90 (d, J = 8.5 Hz, 2H, aromatic  
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H), 7.35 (d, J = 2.7 Hz, 1H, aromatic H), 7.38 (dd, J = 9.2, 2.7 Hz, 1H, aromatic H), 
7.91 (d, J = 9.2 Hz, 1H, aromatic H), 7.98 (d, J = 8.9 Hz, 1H, aromatic H), 8.08 (d, J = 
8.5 Hz, 2H, aromatic H), 8.26 (d, J = 8.5 Hz, 1H, aromatic H), 9.76 (br, 1H, OH), 13C 
NMR (125 MHz, CDCl3) δ  55.4 (OCH3), 105.7, 115.5, 118.3, 121.9, 127.5, 128.2, 
130.2, 135.6, 148.6, 153.7, 156.8, 158.6, 162.1 (aromatic C), IR (neat, ATR) 3051 (br), 
2995 (w), 2957 (br), 2929 (br), 1621 (m), 1597 (s), 1560 (m), 1494 (s), 1452 (m), 1437 
(m), 1404 (w), 1377 (m), 1344 (m), 1271 (m), 1249 (m), 1217 (s), 1172 (m), 1164 (m), 
1104 (m), 1030 (s), 922 (w), 832 (s), 824 (s), 799 (m), 653 (w), 593 (w), 536 (m), 514 
(w), 476 (w), 458 (w), 436 (w), 413 (w), HRMS (FAB) calcd for C16H13NO2 [M]+ 
251.0946, found 251.0939, C16H14NO2 [M + H]+ 252.1025, found 252.1022. 
 
N
MeO
NH2  
4-(6-Methoxyquinolin-2-yl)benzenamine (4r) : To a solution of 
6-methoxy-2-(4-nitrophenyl)quinoline (70. 0 mg, 0.250 mmol) in acetic acid (7 mL) 
was added Pd/C (18.0 mg, 10 wt%) at room temperature. After purged with H2, the 
reaction mixture was stirred at room temperature for 19 h. The resulting mixture was 
filtered with a pad of Celite. Removal of the solvent in vacuo, followed by 
chromatography on silica gel column (AcOEt / Hexane = 25 / 75), afforded 4r as an 
yellow solid (48 mg, 76 %), 1H NMR (500 MHz, CDCl3) δ 3.84 (br, 2H, NH2), 3.93 (s, 
3H, OCH3), 6.76 (d, J = 8.5 Hz, 2H, aromatic H), 7.05 (d, J = 2.8 Hz, 1H, aromatic H), 
7.34 (dd, J = 9.1, 2.8 Hz, 1H, aromatic H), 7.75 (d, J = 8.5 Hz, 1H, aromatic H),7.97 – 
8.04 (m, 4H, aromatic H), 13C NMR (125 MHz, CDCl3) δ  55.5 (OCH3), 105.1, 115.1, 
117.6, 118.6, 121.9, 123.4, 127.6, 128.4, 130.8, 135.3, 147.4, 155.0, 157.2 (aromatic C), 
IR (neat, ATR) 3428 (m), 3327 (br), 3324 (br), 2935 (w), 1636 (w), 1595 (m), 1554 (w), 
1519 (w), 1496 (m), 1460 (w), 1375 (w), 1346 (w), 1319 (w), 1295 (w), 1275 (w), 1242 
(w), 1224 (m), 1175 (w), 1156 (m), 1116 (w), 1052 (w), 1024 (s), 950 (w), 917 (w), 855 
(w), 836 (m), 817 (s), 739 (w), 588 (m), 530 (m), HRMS (FAB) calcd for C16H15N2O 
[M+H]+ 251.1184, found 251.1187.  
 
 
 
 
 
-59- 
 
Chapter 3. Yb(III)-catalyzed One-pot Synthesis and Fluorescence Properties of 
2-Arylquinolines 
 
N
MeO
OMe  
6,8-Dimethoxy-2-phenylquinoline (4s) : brown solid (69 mg, 52 %), 1H NMR (500 
MHz, CDCl3) δ 3.93 (s, 3H, OCH3), 4.06 (s, 3H, OCH3), 6.73 (d, J = 2.3 Hz, 1H, 
aromatic H), 6.67 (d, J = 2.3 Hz, 1H, aromatic H), 7.40 (t, J = 7.4 Hz, 1H, aromatic H), 
7.47 -7.50 (m, 2H, aromatic H), 7.85 (d, J = 9.1 Hz, 1H, aromatic H), 8.06 (d, J = 8.5 
Hz, 1H, aromatic H), 8.13 – 8.15 (m, 2H, aromatic H), 13C NMR (125 MHz, CDCl3) δ  
55.5, 56.2 (OCH3), 96.8, 101.5, 119.8, 127.4, 128.7, 128.8, 128.9, 135.5, 136.8, 139.8, 
153.9, 156.5, 158.2 (aromatic C), IR (neat, ATR) 2938 (br), 1619 (m), 1597 (m), 1561 
(m), 1509 (m), 1488 (w), 1451 (m), 1412 (m), 1384 (m), 1346 (m), 1284 (w), 1255 (m), 
1213 (s), 1197 (s), 1157 (s), 1146 (s), 1121 (s), 1059 (w), 1039 (m), 993 (w), 941 (w), 
844 (m), 828 (m), 790 (w), 758 (s), 713 (w), 689 (s), 647 (w), 626 (w), 550 (w), HRMS 
(FAB) calcd for C17H16NO2 [M+H]+ 266.1181, found 266.1218. 
 
N
Me2N
 
N, N-Dimethyl-2-phenylquinolin-6-amine (4t) : yellow solid (34 mg, 27 %), 1H NMR 
(500 MHz, CDCl3) δ 3.08 (s, 6H, N(CH3)2), 6.81 (d, J = 2.8 Hz, 1H, aromatic H), 7.36 – 
7.41 (m, 2H, aromatic H), 7.41 (t, J = 7.4 Hz, 2H, aromatic H), 7.74 (d, J = 8.5 Hz, 1H, 
aromatic H), 8.01 (t, J = 8.5 Hz, 2H, aromatic H), 8.10 (dd, J = 8.5, 1.1 Hz, 2H, 
aromatic H), 13C NMR (125 MHz, CDCl3) δ  40.7 (N(CH3)2), 104.9, 119.2, 119.5, 127.1, 
128.5, 128.6, 128.7, 130.3, 134.8, 140.1, 142.2, 148.5, 153.3 (aromatic C), IR (neat, 
ATR) 2900 (br), 1618 (s), 1591 (m), 1577 (m), 1556 (m), 1504 (s),1467 (w), 1443 (w), 
1421 (w), 1403 (w), 1377 (s), 1331 (w), 1285 (w), 1242 (w), 1195 (m), 1165 (w), 1134 
(m), 1048 (w), 1025 (m), 965 (w), 940 (w), 885 (w), 845 (m), 822 (s), 809 (s), 779 (s), 
763 (s), 693 (s), 667 (w), 623 (w), 614 (w), 592 (m), 544 (m), HRMS (FAB) calcd for 
C17H16N2 [M]+ 248.1313, found 248.1311. 
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N
MeO
MeOTf
 
6-Methoxy-N-methyl-2-phenylquinolinium trifluoromethanesulfonate (5a) : To a 
stirred solution of 6-methoxy-2-phenylquinoline (60 mg, 0.260 mmol) in CH2Cl2 (1.0 
mL) was added MeOTf (0.071 mL, 0.650 mmol) and the resulting solution was stirred 
for 2 h at 60 ºC. The reaction mixture was washed with brine and extracted with CH2Cl2. 
The organic layer was dried over MgSO4. Removal of the solvent in vacuo afforded pale 
brown crystals. Recrystallization from CHCl3 / AcOEt, 6a was obtained as a colorless 
needle (83 mg, 80 %), 1H NMR (500 MHz, CDCl3) δ 3.97 (s, 3H, OCH3), 4.46 (s, 3H, 
NCH3), 7.53 (d, J = 2.6 Hz, 1H, aromatic H), 7.62 – 7.64 (m, 5H, aromatic H), 7.74 – 
7.76 (m, 2H, aromatic H), 8.33 (d, J = 9.7 Hz, 1H, aromatic H), 8.87 (d, J = 8.4 Hz, 1H, 
aromatic H), 13C NMR (125 MHz, CDCl3) δ 42.6 (NCH3), 56.4 (OCH3), 107.9, 121.0, 
124.9, 128.9, 129.3, 129.6, 130.9, 131.8, 132.7, 135.5, 144.8, 156.7, 160.0 (aromatic C), 
IR (neat, ATR) 3078 (w), 1609 (m), 1591 (m), 1576 (w), 1516 (w), 1505 (m), 1466 (w), 
1449 (w), 1424 (w), 1387 (m), 1347 (w), 1257 (s), 1222 (m), 1209 (m), 1177 (w), 1161 
(s), 1142 (s), 1083 (w), 1976 (w), 1042 (w), 1029 (s), 943 (w), 878 (m), 826 (m), 757 
(m), 777 (m), 636 (s), 599 (w), 572 (m), 550 (w), 532 (w), HRMS (FAB) calcd for 
C17H16NO [M – OTf ]+ 250.1226, found 250.1226.  
 
N
MeO
O
 
6-Methoxy-2-phenylquinoline-N-oxide (5b) : To a solution of 
6-methoxy-2-phenylquinoline (58.8 mg, 0.250 mmol) in dry CHCl3 (7.9 mL) was added 
mCPBA (79.4 mg, 0.460 mmol) in CHCl3 (1.2 mL) at 0 °C in argon atmosphere. The 
reaction mixture was stirred at 0 °C – room temperature for 58 h. The resulting mixture 
was basified with sat. NaHCO3 aq., and washed with water. The organic layer was dried 
over Na2SO4. Removal of the solvent in vacuo, followed by chromatography on silica 
gel column (CHCl3 only), afforded 6b as an orange white solid (35 mg, 56 %), 1H NMR 
(500 MHz, CDCl3) δ 3.96 (s, 3H, OCH3), 7.11 (d, J = 2.3 Hz, 1H, aromatic H), 7.39 (dd,  
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J = 9.6, 2.8 Hz, 1H, aromatic H), 7.43 – 7.47 (m, 2H, aromatic H), 7.49 – 7.52 (m, 2H, 
aromatic H), 7.63 (d, J = 9.1 Hz, 1H, aromatic H), 7.93 – 7.95 (m, 2H, aromatic H), 
8.75 (d, J = 9.6 Hz, 1H, aromatic H), 13C NMR (125 MHz, CDCl3) δ  55.7 (OCH3), 
105.9, 122.0, 122.5, 123.8, 124.3, 128.2, 129.3, 129.5, 131.0, 131.7, 133.6, 143.3, 159.3 
(aromatic C), IR (neat, ATR) 2992 (w), 1615 (w), 1567 (m), 1488 (w), 1468 (w), 1446 
(w), 1399 (w), 1389 (w), 1344 (m), 1333 (m), 1305 (m), 1271 (w), 1258 (w), 1228 (m), 
1201 (s), 1167 (m), 1110 (w), 1065 (w), 1020 (s), 943 (m), 885 (m), 850 (s), 817 (m), 
809 (m), 794 (w), 764 (s), 747 (m), 728 (m), 697 (s), 675 (m), 613 (m), 570 (m), 551 
(m), HRMS (FAB) calcd for C16H14NO2 [M+H]+ 252.1025, found 252.1030. 
 
N
MeO
 
3-Ethyl-6-methoxy-2-phenylquinoline (7): white solid (103 mg, 39 %), 1H NMR (500 
MHz, CDCl3) δ 1.08 (t, J = 7.5 Hz, 3H, CH3), 2.67 (q, J = 7.5 Hz, 2H, CH2), 3.82 (s, 3H, 
OCH3), 6.97 (d, J = 2.7 Hz, 1H, aromatic H), 7.22 (dd, J = 9.2, 2.7 Hz, 1H, aromatic H), 
7.30 – 7.33 (m, 1H, aromatic H), 7.35 – 7.38 (m, 2H, aromatic H), 7.43 – 7.45 (m, 2H, 
aromatic H), 7.83 (s, 1H, aromatic H), 7.92 (d, J = 9.3 Hz, 1H, aromatic H), 13C NMR 
(125 MHz, CDCl3) δ 14.7 (CH3), 25.9 (CH2), 55.4 (OCH3), 104.3, 121.4, 127.8, 128.2, 
128.6, 128.7, 130.6, 133.7, 135.4, 140.9, 142.4, 157.7, 158.0 (aromatic C), IR (neat, 
ATR) 2966 (w), 2935 (w), 2874 (w), 1623 (w), 1596 (w), 1560 (w),1489 (m), 1443 (m), 
1379 (m), 1348 (w), 1301 (w), 1249 (w), 1221 (s), 1164 (m), 1128 (m), 1073 (w), 1057 
(w), 1039 (w), 1023 (s), 959 (w), 913 (m), 850 (m), 834 (m), 819 (w), 791 (w), 759 (m), 
733 (w), 699 (s), 662 (w), 629 (m), 617 (w), 565 (w), 539 (w), HRMS (FAB) calcd for 
C18H18NO [M + H]+ 264.1388, found 264.1393. 
 
[Fluorescence properties] 
  The values of area under the fluorescence band (FX), absorbance at the excitation 
wavelength (AX) and fluorescence quantum efficiency (ΦX) were summarized in Table 
3.7. The refractive indexes of the solvents were used following values:  nH2O = 1.3334,   nCHCl 3 = 1.4467,  nDMSO =  1.4775  
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Table 3.7. The values of FX, AX and ΦX of 
various 2-arylquinolines and its derivertives 
Compound AX FX ΦX 
4a 0.18567 35782.74 0.39  
4b 0.25158 0 0.000  
4c 0.28217 529.873 0.004  
4d 0.0973 0 0.000  
4e 0.33105 104981.4 0.64  
4f 0.27776 31104.28 0.23  
4g 0.32341 123809.8 0.77  
4h 0.21206 43110.42 0.41  
4i 0.31781 95329.58 0.60  
4j 0.18853 41636.24 0.44  
4k 0.17405 10249.49 0.12  
4l 0.24682 59011.38 0.48  
4m 0.25769 430.534 0.003  
4n 0.25773 0 0.000  
4o 0.16973 68819.14 0.61  
4q 0.18253 114242.6 0.54  
4r 0.31693 218282.1 0.57  
4s 0.18604 68819.14 0.74  
4t 0.31276 118642.2 0.76  
5a 0.21167 38629.75 0.15  
5b 0.14886 1806.756 0.01  
6 0.17454 3511.596 0.002  
7 0.158 319.723 0.04  
 
 The optimized structure of 4a, 7 and 4k were calculated with with 6-31G**/B3LYP 
by Gaussian 98.17) The parameters of the coordinates were given as shown in below. 
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N
O
HH
H
H
H
H
H
H
H
H
H
H
H
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30 31
 
6-Methoxy-2-phenylquinoline (4a) 
 
                      
---------------------------------------------------------------------------------------------------------- 
 Center      Atomic     Atomic             Coordinates (Angstroms) 
 Number     Number      Type          X           Y           Z 
 -------------------------------------------------------------------------------------------------------- 
    1          6             0       -2.924995   -0.749239    0.068052 
    2          6             0       -3.677973    0.403588   -0.044484 
    3          6             0       -3.038749    1.670715   -0.161665 
    4          6             0       -1.671981    1.765478   -0.166760 
    5          6             0       -0.860444    0.600559   -0.054552 
    6          6             0       -1.507544   -0.668220    0.064616 
    7          6             0       -0.662158   -1.799210    0.185588 
    8          6             0        0.701195   -1.638523    0.171553 
    9          6             0        1.258746   -0.333393    0.029772 
   10          7             0        0.489359    0.743689   -0.070340 
   11          1             0       -3.390164   -1.724035    0.160738 
   12          1             0       -3.669939    2.549130   -0.247226 
   13          1             0       -1.171303    2.723611   -0.257497 
   14          1             0       -1.101611   -2.787134    0.299332 
   15          1             0        1.349450   -2.498488    0.292966 
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   16          8             0       -5.039798    0.456081   -0.055386 
   17          6             0       -5.755783   -0.764891    0.050009 
   18          1             0       -6.813046   -0.499181    0.015304 
   19          1             0       -5.541468   -1.277016    0.996699 
   20          1             0       -5.523575   -1.440280   -0.783191 
   21          6             0        2.731036   -0.117314    0.006958 
   22          6             0        3.631370   -1.153141   -0.290757 
   23          6             0        5.006556   -0.923325   -0.302334 
   24          6             0        5.509023    0.346252   -0.016302 
   25          6             0        4.623025    1.386972    0.273245 
   26          6             0        3.250068    1.159287    0.281987 
   27          1             0        3.262423   -2.142553   -0.541364 
   28          1             0        5.684958   -1.737116   -0.541946 
   29          1             0        5.004667    2.379607    0.495078 
   30          1             0        2.553727    1.960836    0.500042 
   31          1             0        6.580393    0.524587   -0.023011 
 -------------------------------------------------------------------------------------------------------- 
Optimized Parameters (Angstroms and Degrees) 
-------------------------------------------------------------------------------------------------------- 
 Name  Definition  Value  Derivative Info.             
 -------------------------------------------------------------------------------------------------------- 
  R1    R(1,2)   1.3815  -DE/DX = 0. 
  R2    R(1,6)   1.4198  -DE/DX = 0. 
  R3    R(1,11)  1.0841  -DE/DX = 0.               
  R4    R(2,3)   1.4241  -DE/DX = 0.               
  R5    R(2,16)  1.3629  -DE/DX = 0.               
  R6    R(3,4)   1.3701  -DE/DX = 0.               
  R7    R(3,12)  1.0851  -DE/DX = 0.               
  R8    R(4,5)   1.4242  -DE/DX = 0.               
  R9    R(4,13)  1.0849  -DE/DX = 0.               
  R10   R(5,6)   1.4292  -DE/DX = 0.               
  R11   R(5,10)  1.3575  -DE/DX = 0.               
  R12   R(6,7)   1.4172  -DE/DX = 0.               
  R13   R(7,8)   1.3729  -DE/DX = 0.               
  R14   R(7,14)  1.0872  -DE/DX = 0.               
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  R15   R(8,9)   1.4263  -DE/DX = 0.               
  R16   R(8,15)  1.0838  -DE/DX = 0.               
  R17   R(9,10)  1.3274  -DE/DX = 0.               
  R18   R(9,21)  1.4882  -DE/DX = 0.               
  R19   R(16,17)  1.4193  -DE/DX = 0.               
  R20   R(17,18)  1.0907  -DE/DX = 0.               
  R21   R(17,19)  1.0975  -DE/DX = 0.               
  R22   R(17,20)  1.0974  -DE/DX = 0.               
  R23   R(21,22)  1.4043  -DE/DX = 0.               
  R24   R(21,26)  1.4053  -DE/DX = 0.               
  R25   R(22,23)  1.3943  -DE/DX = 0.               
  R26   R(22,27)  1.0853  -DE/DX = 0.               
  R27   R(23,24)  1.395  -DE/DX = 0.               
  R28   R(23,28)  1.0862  -DE/DX = 0.               
  R29   R(24,25)  1.3971  -DE/DX = 0.               
  R30   R(24,31)  1.0861  -DE/DX = 0.               
  R31   R(25,26)  1.3917  -DE/DX = 0.               
  R32   R(25,29)  1.0864  -DE/DX = 0.               
  R33   R(26,30)  1.0839  -DE/DX = 0.               
  A1    A(2,1,6)  119.7571 -DE/DX = 0.               
  A2    A(2,1,11)  121.563  -DE/DX = 0.               
  A3    A(6,1,11)  118.6799 -DE/DX = 0.               
  A4    A(1,2,3)  120.3013 -DE/DX = 0.               
  A5    A(1,2,16)  125.2677 -DE/DX = 0.               
  A6    A(3,2,16)  114.431  -DE/DX = 0.               
  A7    A(2,3,4)  120.6403 -DE/DX = 0.               
  A8    A(2,3,12)  117.7567 -DE/DX = 0.               
  A9    A(4,3,12)  121.603  -DE/DX = 0.               
  A10   A(3,4,5)  120.7704 -DE/DX = 0.               
  A11   A(3,4,13)  121.4532 -DE/DX = 0.               
  A12   A(5,4,13)  117.7763 -DE/DX = 0.               
  A13   A(4,5,6)  118.3403 -DE/DX = 0.               
  A14   A(4,5,10)  118.6501 -DE/DX = 0.               
  A15   A(6,5,10)  123.0091 -DE/DX = 0.               
  A16   A(1,6,5)  120.1905 -DE/DX = 0.               
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  A17   A(1,6,7)  123.3532 -DE/DX = 0.               
  A18   A(5,6,7)  116.4545 -DE/DX = 0.               
  A19   A(6,7,8)  119.8748 -DE/DX = 0.               
  A20   A(6,7,14)  119.5365 -DE/DX = 0.               
  A21   A(8,7,14)  120.5856 -DE/DX = 0.               
  A22   A(7,8,9)  119.7567 -DE/DX = 0.               
  A23   A(7,8,15)  119.9995 -DE/DX = 0.               
  A24   A(9,8,15)  120.2258 -DE/DX = 0.               
  A25   A(8,9,10)  121.5603 -DE/DX = 0.               
  A26   A(8,9,21)  121.406  -DE/DX = 0.               
  A27   A(10,9,21)  117.0282 -DE/DX = 0.               
  A28   A(5,10,9)  119.3342 -DE/DX = 0.               
  A29   A(2,16,17)  118.0559 -DE/DX = 0.               
  A30   A(16,17,18)  106.0847 -DE/DX = 0.               
  A31   A(16,17,19)  111.529  -DE/DX = 0.               
  A32   A(16,17,20)  111.4882 -DE/DX = 0.               
  A33   A(18,17,19)  109.2947 -DE/DX = 0.               
  A34   A(18,17,20)  109.3225 -DE/DX = 0.               
  A35   A(19,17,20)  109.0519 -DE/DX = 0.               
  A36   A(9,21,22)  122.0322 -DE/DX = 0.               
  A37   A(9,21,26)  119.623  -DE/DX = 0.               
  A38   A(22,21,26)  118.3436 -DE/DX = 0.               
  A39   A(21,22,23)  120.8308 -DE/DX = 0.               
  A40   A(21,22,27)  120.2274 -DE/DX = 0.               
  A41   A(23,22,27)  118.9231 -DE/DX = 0.               
  A42   A(22,23,24)  120.2348 -DE/DX = 0.               
  A43   A(22,23,28)  119.6256 -DE/DX = 0.               
  A44   A(24,23,28)  120.1384 -DE/DX = 0.               
  A45   A(23,24,25)  119.4718 -DE/DX = 0.               
  A46   A(23,24,31)  120.2284 -DE/DX = 0.               
  A47   A(25,24,31)  120.2992 -DE/DX = 0.               
  A48   A(24,25,26)  120.3342 -DE/DX = 0.               
  A49   A(24,25,29)  120.0116 -DE/DX = 0.               
  A50   A(26,25,29)  119.6541 -DE/DX = 0.               
  A51   A(21,26,25)  120.7809 -DE/DX = 0.               
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  A52   A(21,26,30)  118.286  -DE/DX = 0.               
  A53   A(25,26,30)  120.9331 -DE/DX = 0.               
  D1    D(6,1,2,3)  -0.0951  -DE/DX = 0.               
  D2    D(6,1,2,16)  179.9108 -DE/DX = 0.                
  D3    D(11,1,2,3)  179.8505 -DE/DX = 0.               
  D4    D(11,1,2,16)  -0.1436  -DE/DX = 0.              
  D5    D(2,1,6,5)  0.0091  -DE/DX = 0.               
  D6    D(2,1,6,7)  179.5065 -DE/DX = 0.               
  D7    D(11,1,6,5)  -179.9381 -DE/DX = 0.              
  D8    D(11,1,6,7)  -0.4407  -DE/DX = 0.              
  D9    D(1,2,3,4)  0.1058  -DE/DX = 0.               
  D10   D(1,2,3,12)  -179.9737 -DE/DX = 0.              
  D11   D(16,2,3,4)  -179.8995 -DE/DX = 0.              
  D12   D(16,2,3,12)   0.021  -DE/DX = 0.               
  D13   D(1,2,16,17)  -0.3281  -DE/DX = 0.              
  D14   D(3,2,16,17)  179.6775 -DE/DX = 0.               
  D15   D(2,3,4,5)  -0.0274  -DE/DX = 0.              
  D16   D(2,3,4,13)  179.8657 -DE/DX = 0.               
  D17   D(12,3,4,5)  -179.9447 -DE/DX = 0.              
  D18   D(12,3,4,13)  -0.0517  -DE/DX = 0.              
  D19   D(3,4,5,6)  -0.0574  -DE/DX = 0.              
  D20   D(3,4,5,10)  179.7088 -DE/DX = 0.               
  D21   D(13,4,5,6)  -179.9543 -DE/DX = 0.             
  D22   D(13,4,5,10)  -0.1881  -DE/DX = 0.             
  D23   D(4,5,6,1)  0.0668  -DE/DX = 0.                
  D24   D(4,5,6,7)  -179.4642 -DE/DX = 0.               
  D25   D(10,5,6,1)  -179.6885 -DE/DX = 0.               
  D26   D(10,5,6,7)  0.7805  -DE/DX = 0.                
  D27   D(4,5,10,9)   -179.8221 -DE/DX = 0.               
  D28   D(6,5,10,9)  -0.0676  -DE/DX = 0.               
  D29   D(1,6,7,8)  179.8996 -DE/DX = 0.                
  D30   D(1,6,7,14)  -0.7375  -DE/DX = 0.                
  D31   D(5,6,7,8)  -0.5857  -DE/DX = 0.               
  D32   D(5,6,7,14)  178.7772 -DE/DX = 0.                
  D33   D(6,7,8,9)  -0.2503  -DE/DX = 0.               
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  D34   D(6,7,8,15)  178.2137 -DE/DX = 0.               
  D35   D(14,7,8,9)  -179.6064 -DE/DX = 0.              
  D36   D(14,7,8,15)  -1.1424  -DE/DX = 0.              
  D37   D(7,8,9,10)  1.0143  -DE/DX = 0.               
  D38   D(7,8,9,21)  -179.8661 -DE/DX = 0.              
  D39   D(15,8,9,10)  -177.4461 -DE/DX = 0.              
  D40   D(15,8,9,21)  1.6735  -DE/DX = 0.               
  D41   D(8,9,10,5)  -0.8413  -DE/DX = 0.              
  D42   D(21,9,10,5)  -179.9977 -DE/DX = 0.              
  D43   D(8,9,21,22)  20.0658  -DE/DX = 0.               
  D44   D(8,9,21,26)  -160.3247 -DE/DX = 0.              
  D45   D(10,9,21,22)  -160.7764 -DE/DX = 0.              
  D46   D(10,9,21,26)  18.8331  -DE/DX = 0.               
  D47   D(2,16,17,18)  -179.6613 -DE/DX = 0.              
  D48   D(2,16,17,19)   61.4289  -DE/DX = 0.               
  D49   D(2,16,17,20)  -60.7403 -DE/DX = 0.              
  D50   D(9,21,22,23)  -179.8638 -DE/DX = 0.              
  D51   D(9,21,22,27)  1.7257  -DE/DX = 0.               
  D52   D(26,21,22,23)  0.5219  -DE/DX = 0.               
  D53   D(26,21,22,27)  -177.8886 -DE/DX = 0.              
  D54   D(9,21,26,25)  179.7038 -DE/DX = 0.               
  D55   D(9,21,26,30)  -0.3412  -DE/DX = 0.              
  D56   D(22,21,26,25)  -0.6724  -DE/DX = 0.              
  D57   D(22,21,26,30)  179.2826 -DE/DX = 0.               
  D58   D(21,22,23,24)  0.0136  -DE/DX = 0.               
  D59   D(21,22,23,28)  -179.5796 -DE/DX = 0.              
  D60   D(27,22,23,24)  178.4444 -DE/DX = 0.               
  D61   D(27,22,23,28)  -1.1487  -DE/DX = 0.              
  D62   D(22,23,24,25)  -0.4092  -DE/DX = 0.              
  D63   D(22,23,24,31)  179.8529 -DE/DX = 0.               
  D64   D(28,23,24,25)  179.1819 -DE/DX = 0.               
  D65   D(28,23,24,31)  -0.5561        -DE/DX = 0.              
  D66   D(23,24,25,26)  0.2595  -DE/DX = 0.               
  D67   D(23,24,25,29)  -179.8651 -DE/DX = 0.              
  D68   D(31,24,25,26)  179.9972 -DE/DX = 0.               
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  D69   D(31,24,25,29)  -0.1273  -DE/DX =  0.              
  D70   D(24,25,26,21)  0.2887  -DE/DX =  0.                
 D71   D(24,25,26,30)  -179.6652 -DE/DX = 0.              
  D72   D(29,25,26,21)  -179.5873 -DE/DX = 0.              
  D73   D(29,25,26,30)      0.4589   -DE/DX = 0.             
---------------------------------------------------------------------------------------------------------- 
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3-Ethyl-6-methoxy-2-phenylquinoline (7) 
 
---------------------------------------------------------------------------------------------------------- 
 Center      Atomic      Atomic               Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
---------------------------------------------------------------------------------------------------------- 
    1          6             0       -3.052709    0.458303    0.065742 
    2          6             0       -3.836520   -0.679298    0.054249 
    3          6             0       -3.233900   -1.969533    0.025992 
    4          6             0       -1.869982   -2.101240    0.011928 
    5          6             0       -1.031027   -0.951559    0.026912 
    6          6             0       -1.637362    0.337178    0.051451 
    7          6             0       -0.762160    1.449337    0.036537 
    8          6             0        0.608981    1.291855    0.029340 
    9          6             0        1.112371   -0.059357    0.048275 
 
 
-70- 
 
Chapter 3. Yb(III)-catalyzed One-pot Synthesis and Fluorescence Properties of 
2-Arylquinolines 
 
   10          7             0        0.315234   -1.118831    0.023020 
   11          1             0       -3.490739    1.449796    0.083635 
   12          1             0       -3.889785   -2.833833    0.017145 
   13          1             0       -1.394346   -3.076148   -0.007004 
   14          1             0       -1.196344    2.444300    0.010721 
   15          6             0        1.535268    2.495606   -0.051354 
   16          8             0       -5.199979   -0.694757    0.066358 
   17          6             0       -5.880509    0.550086    0.090666 
   18          1             0       -5.632691    1.127265    0.990668 
   19          1             0       -5.648181    1.153391   -0.796243 
   20          1             0       -6.945128    0.312753    0.096402 
   21          6             0        2.571591   -0.385761    0.054426 
   22          6             0        3.043703   -1.398337   -0.796826 
   23          6             0        4.388394   -1.760241   -0.799298 
   24          6             0        5.287930   -1.128288    0.062352 
   25          6             0        4.828758   -0.135835    0.928157 
   26          6             0        3.483339    0.234124    0.922180 
   27          1             0        2.336285   -1.899294   -1.448799 
   28          1             0        4.735275   -2.539414   -1.472114 
   29          1             0        6.336356   -1.412153    0.063257 
   30          1             0        5.515862    0.348296    1.616304 
   31          1             0        3.137663    0.988227    1.621252 
   32          6             0        0.922683    3.765872   -0.653810 
   33          1             0        2.420052    2.215643   -0.631902 
   34          1             0        1.914017    2.737186    0.950982 
   35          1             0        1.690504    4.539033   -0.753237 
   36          1             0        0.127127    4.180906   -0.027015 
   37          1             0        0.504171    3.576461   -1.647577 
--------------------------------------------------------------------------------------------------------- 
 
Optimized Parameters (Angstroms and Degrees) 
---------------------------------------------------------------------------------------------------------- 
Name  Definition Value  Derivative Info.              
---------------------------------------------------------------------------------------------------------- 
  R1  R(1,2)  1.3815  -DE/DX = 0.                
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  R2  R(1,6)  1.4206  -DE/DX = 0.                
  R3  R(1,11)  1.0841  -DE/DX = 0.                
  R4  R(2,3)  1.4243  -DE/DX = 0.                
  R5  R(2,16)  1.3636  -DE/DX = 0.               
  R6  R(3,4)  1.3703  -DE/DX = 0.               
 R7  R(3,12)  1.085  -DE/DX = 0.               
  R8  R(4,5)  1.4233  -DE/DX = 0.               
  R9  R(4,13)  1.0849  -DE/DX = 0.               
  R10  R(5,6)  1.4245  -DE/DX = 0.               
  R11  R(5,10)  1.3566  -DE/DX = 0.               
  R12  R(6,7)  1.4153  -DE/DX = 0.               
  R13  R(7,8)  1.3802  -DE/DX = 0.               
  R14  R(7,14)  1.0859  -DE/DX = 0.               
  R15  R(8,9)  1.4421  -DE/DX = 0.               
  R16   R(8,15)  1.521  -DE/DX = 0.               
  R17  R(9,10)  1.3261  -DE/DX = 0.               
  R18  R(9,21)  1.4953  -DE/DX = 0.               
  R19  R(15,32) 1.5336  -DE/DX = 0.               
  R20  R(15,33) 1.0946  -DE/DX = 0.               
  R21  R(15,34) 1.0984  -DE/DX = 0.               
 R22  R(16,17) 1.4189  -DE/DX = 0.               
  R23  R(17,18) 1.0975  -DE/DX = 0.               
  R24  R(17,19) 1.0975  -DE/DX = 0.               
  R25  R(17,20) 1.0908  -DE/DX = 0.               
  R26  R(21,22) 1.4046  -DE/DX = 0.               
  R27  R(21,26) 1.403  -DE/DX = 0.               
  R28  R(22,23) 1.3925  -DE/DX = 0.               
  R29  R(22,27) 1.0847  -DE/DX = 0.               
  R30  R(23,24) 1.3968  -DE/DX = 0.               
  R31  R(23,28) 1.0863  -DE/DX = 0.               
  R32  R(24,25) 1.3948  -DE/DX = 0.               
  R33  R(24,29) 1.0862  -DE/DX = 0.               
  R34  R(25,26) 1.3954  -DE/DX = 0.               
  R35  R(25,30) 1.0863  -DE/DX = 0.               
  R36  R(26,31) 1.0848  -DE/DX = 0.               
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  R37  R(32,35) 1.0942  -DE/DX = 0.               
  R38  R(32,36) 1.0945  -DE/DX = 0.               
  R39  R(32,37) 1.0948  -DE/DX = 0.               
  A1  A(2,1,6)  119.6672 -DE/DX = 0.               
  A2  A(2,1,11) 121.601  -DE/DX = 0.               
  A3  A(6,1,11) 118.7317 -DE/DX = 0.               
  A4  A(1,2,3)  120.4007 -DE/DX = 0.               
  A5  A(1,2,16) 125.2084 -DE/DX = 0.               
  A6  A(3,2,16) 114.3909 -DE/DX = 0.               
  A7  A(2,3,4)  120.5563 -DE/DX = 0.               
  A8  A(2,3,12) 117.7745 -DE/DX = 0.               
  A9  A(4,3,12) 121.6691 -DE/DX = 0.               
  A10  A(3,4,5)  120.5928 -DE/DX = 0.               
  A11  A(3,4,13) 121.5273 -DE/DX = 0.               
  A12  A(5,4,13) 117.8796 -DE/DX = 0.               
  A13  A(4,5,6)  118.6897 -DE/DX = 0.               
  A14  A(4,5,10) 119.0328 -DE/DX = 0.               
  A15  A(6,5,10) 122.2769 -DE/DX = 0.               
  A16  A(1,6,5)  120.0927 -DE/DX = 0.               
  A17  A(1,6,7)  123.3124 -DE/DX = 0.               
  A18  A(5,6,7)  116.5855 -DE/DX = 0.               
  A19  A(6,7,8)  121.6499 -DE/DX = 0.               
  A20  A(6,7,14) 118.2297 -DE/DX = 0.               
  A21  A(8,7,14) 120.1095 -DE/DX = 0.               
  A22  A(7,8,9)  116.9774 -DE/DX = 0.               
  A23  A(7,8,15) 120.9958 -DE/DX = 0.               
  A24  A(9,8,15) 121.9826 -DE/DX = 0.               
  A25  A(8,9,10) 122.5831 -DE/DX = 0.               
  A26  A(8,9,21) 123.0415 -DE/DX = 0.               
  A27  A(10,9,21) 114.3488 -DE/DX = 0.               
  A28  A(5,10,9) 119.865  -DE/DX = 0.               
  A29  A(8,15,32) 115.6652 -DE/DX = 0.               
  A30  A(8,15,33) 108.5398 -DE/DX = 0.               
  A31  A(8,15,34) 109.6113 -DE/DX = 0.               
  A32  A(32,15,33) 109.0485 -DE/DX = 0.               
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  A33  A(32,15,34) 108.3035 -DE/DX = 0.               
  A34  A(33,15,34) 105.1595 -DE/DX = 0.               
  A35  A(2,16,17) 118.0191 -DE/DX = 0.               
  A36  A(16,17,18) 111.5385 -DE/DX = 0.               
  A37  A(16,17,19) 111.5238 -DE/DX = 0.               
  A38  A(16,17,20) 106.0999 -DE/DX = 0.               
  A39  A(18,17,19) 109.0134 -DE/DX = 0.               
  A40  A(18,17,20) 109.299  -DE/DX = 0.               
  A41  A(19,17,20) 109.2969 -DE/DX = 0.               
  A42  A(9,21,22) 118.8743 -DE/DX = 0.               
  A43  A(9,21,26) 122.7013 -DE/DX = 0.               
  A44  A(22,21,26) 118.3539 -DE/DX = 0.               
  A45  A(21,22,23) 120.8643 -DE/DX = 0.               
  A46  A(21,22,27) 118.557  -DE/DX = 0.               
  A47  A(23,22,27) 120.5771 -DE/DX = 0.               
  A48  A(22,23,24) 120.2121 -DE/DX = 0.               
 A49  A(22,23,28) 119.7255 -DE/DX = 0.               
  A50  A(24,23,28) 120.062  -DE/DX = 0.               
  A51  A(23,24,25) 119.528  -DE/DX = 0.               
  A52  A(23,24,29) 120.2584 -DE/DX = 0.               
  A53  A(25,24,29) 120.2123 -DE/DX = 0.               
  A54  A(24,25,26) 120.2263 -DE/DX = 0.               
  A55  A(24,25,30) 120.14  -DE/DX = 0.               
  A56  A(26,25,30) 119.6321 -DE/DX = 0.               
  A57  A(21,26,25) 120.8026 -DE/DX = 0.               
  A58  A(21,26,31) 119.9077 -DE/DX = 0.               
  A59  A(25,26,31) 119.2604 -DE/DX = 0.               
  A60  A(15,32,35) 109.9188 -DE/DX = 0.               
  A61  A(15,32,36) 112.2999 -DE/DX = 0.               
  A62  A(15,32,37) 111.4684 -DE/DX = 0.               
  A63  A(35,32,36) 107.1063 -DE/DX = 0.               
  A64  A(35,32,37) 107.94  -DE/DX = 0.               
  A65  A(36,32,37) 107.912  -DE/DX = 0.               
  D1  D(6,1,2,3) -0.1034  -DE/DX = 0.               
  D2  D(6,1,2,16) 179.9757 -DE/DX = 0.               
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  D3  D(11,1,2,3) 179.7788 -DE/DX = 0.               
  D4  D(11,1,2,16) -0.1421  -DE/DX = 0.               
  D5  D(2,1,6,5) -0.0702  -DE/DX = 0.               
  D6  D(2,1,6,7) 178.7793 -DE/DX = 0.               
  D7  D(11,1,6,5) -179.9557 -DE/DX = 0.               
  D8  D(11,1,6,7) -1.1062  -DE/DX = 0.               
  D9  D(1,2,3,4) 0.1025  -DE/DX = 0.               
  D10  D(1,2,3,12) -179.9564 -DE/DX = 0.               
  D11  D(16,2,3,4) -179.9685 -DE/DX = 0.               
  D12  D(16,2,3,12) -0.0274  -DE/DX = 0.               
  D13  D(1,2,16,17) 0.1014  -DE/DX = 0.               
  D14  D(3,2,16,17) -179.8237 -DE/DX = 0.               
  D15  D(2,3,4,5) 0.0756  -DE/DX = 0.               
  D16  D(2,3,4,13) 179.8394 -DE/DX = 0.               
  D17  D(12,3,4,5) -179.8632 -DE/DX = 0.               
  D18  D(12,3,4,13) -0.0994  -DE/DX = 0.               
  D19  D(3,4,5,6) -0.2447  -DE/DX = 0.               
  D20  D(3,4,5,10) 179.483  -DE/DX = 0.               
  D21  D(13,4,5,6) 179.9831 -DE/DX = 0.               
  D22  D(13,4,5,10) -0.2892  -DE/DX = 0.               
  D23  D(4,5,6,1) 0.2417  -DE/DX = 0.               
  D24  D(4,5,6,7) -178.6831 -DE/DX = 0.               
  D25  D(10,5,6,1) -179.4768 -DE/DX = 0.               
  D26  D(10,5,6,7) 1.5984  -DE/DX = 0.               
  D27  D(4,5,10,9) -179.4283 -DE/DX = 0.               
  D28  D(6,5,10,9) 0.2892  -DE/DX = 0.               
  D29  D(1,6,7,8) 179.6859 -DE/DX = 0.               
  D30  D(1,6,7,14) -1.515  -DE/DX = 0.               
  D31  D(5,6,7,8) -1.4273  -DE/DX = 0.               
  D32  D(5,6,7,14) 177.3718 -DE/DX = 0.               
  D33  D(6,7,8,9) -0.4712  -DE/DX = 0.               
  D34  D(6,7,8,15) 177.1566 -DE/DX = 0.               
  D35  D(14,7,8,9) -179.2481 -DE/DX = 0.               
  D36  D(14,7,8,15) -1.6203  -DE/DX = 0.               
  D37  D(7,8,9,10) 2.4945  -DE/DX = 0.               
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  D38  D(7,8,9,21) -179.4899 -DE/DX = 0.               
  D39  D(15,8,9,10) -175.1081 -DE/DX = 0.               
  D40  D(15,8,9,21) 2.9074  -DE/DX = 0.               
  D41  D(7,8,15,32) -22.7838 -DE/DX = 0.               
  D42  D(7,8,15,33) -145.6762 -DE/DX = 0.               
  D43  D(7,8,15,34) 99.9744  -DE/DX = 0.               
  D44  D(9,8,15,32) 154.7237 -DE/DX = 0.               
  D45  D(9,8,15,33) 31.8313  -DE/DX = 0.               
  D46  D(9,8,15,34) -82.5181 -DE/DX = 0.               
  D47  D(8,9,10,5) -2.4071  -DE/DX = 0.               
  D48  D(21,9,10,5) 179.4188 -DE/DX = 0.               
  D49  D(8,9,21,22) -135.2787 -DE/DX = 0.               
  D50  D(8,9,21,26) 47.827  -DE/DX = 0.               
  D51  D(10,9,21,22) 42.886  -DE/DX = 0.               
  D52  D(10,9,21,26) -134.0084 -DE/DX = 0.               
  D53  D(8,15,32,35) -174.7274 -DE/DX = 0.               
  D54  D(8,15,32,36) 66.1441  -DE/DX = 0.               
  D55  D(8,15,32,37) -55.0871 -DE/DX = 0.               
  D56  D(33,15,32,35) -52.104  -DE/DX = 0.               
  D57  D(33,15,32,36) -171.2326 -DE/DX = 0.               
  D58  D(33,15,32,37) 67.5363  -DE/DX = 0.               
  D59  D(34,15,32,35) 61.8254  -DE/DX = 0.               
  D60  D(34,15,32,36) -57.3031 -DE/DX = 0.               
  D61  D(34,15,32,37) -178.5343 -DE/DX = 0.               
  D62  D(2,16,17,18) -61.0943 -DE/DX = 0.               
  D63  D(2,16,17,19) 61.0573  -DE/DX = 0.               
  D64  D(2,16,17,20) 179.9762 -DE/DX = 0.               
  D65  D(9,21,22,23) -178.2973 -DE/DX = 0.               
  D66  D(9,21,22,27) 1.2487  -DE/DX = 0.               
  D67  D(26,21,22,23) -1.2668  -DE/DX = 0.               
  D68  D(26,21,22,27) 178.2791 -DE/DX = 0.               
  D69  D(9,21,26,25) 177.6336 -DE/DX = 0.               
  D70  D(9,21,26,31) -0.3809  -DE/DX = 0.               
  D71  D(22,21,26,25) 0.7239  -DE/DX = 0.               
  D72  D(22,21,26,31) -177.2906 -DE/DX = 0.               
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  D73  D(21,22,23,24) 0.8056  -DE/DX = 0.               
  D74  D(21,22,23,28) -179.4154 -DE/DX = 0.               
  D75  D(27,22,23,24) -178.7311 -DE/DX = 0.               
  D76  D(27,22,23,28) 1.0479  -DE/DX = 0.               
  D77  D(22,23,24,25) 0.2235  -DE/DX = 0.               
  D78  D(22,23,24,29) 179.8075 -DE/DX = 0.               
  D79  D(28,23,24,25) -179.5548 -DE/DX = 0.               
  D80  D(28,23,24,29) 0.0293  -DE/DX = 0.               
  D81  D(23,24,25,26) -0.7622  -DE/DX = 0.               
  D82  D(23,24,25,30) 178.7838 -DE/DX = 0.               
  D83  D(29,24,25,26) 179.6535 -DE/DX = 0.               
  D84  D(29,24,25,30) -0.8005  -DE/DX = 0.               
  D85  D(24,25,26,21) 0.2818  -DE/DX = 0.               
  D86  D(24,25,26,31) 178.309  -DE/DX = 0.               
  D87  D(30,25,26,21) -179.2665 -DE/DX = 0.               
  D88  D(30,25,26,31) -1.2393  -DE/DX = 0.               
 -------------------------------------------------------------------------------------------------------- 
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 Number     Number      Type           X           Y           Z 
---------------------------------------------------------------------------------------------------------- 
    1          6             0        3.259837    0.643250    0.339509 
    2          6             0        4.075536   -0.347666   -0.171735 
    3          6             0        3.509677   -1.539204   -0.708961 
    4          6             0        2.151817   -1.719757   -0.727648 
    5          6             0        1.278006   -0.720980   -0.211881 
    6          6             0        1.850277    0.472426    0.326957 
    7          6             0        0.945108    1.433566    0.841761 
    8          6             0       -0.407223    1.199844    0.785695 
    9          6             0       -0.883293   -0.012553    0.210141 
   10          7             0       -0.061798   -0.943703   -0.254713 
   11          1             0        3.668968    1.557158    0.754581 
   12          1             0        4.188828   -2.289790   -1.099624 
   13          1             0        1.705634   -2.620616   -1.135421 
   14          1             0        1.329245    2.348206    1.286227 
   15          1             0       -1.108048    1.919627    1.189059 
   16          8             0        5.436207   -0.300714   -0.216593 
   17          6             0        6.082356    0.855875    0.293765 
   18          1             0        5.868921    0.998097    1.360743 
   19          1             0        7.151617    0.688455    0.158998 
   20          1             0        5.784023    1.758030   -0.255047 
   21          6             0       -2.336470   -0.353148    0.178418 
   22          6             0       -2.706915   -1.665340    0.525743 
   23          6             0       -4.034929   -2.075424    0.546819 
   24          6             0       -5.044124   -1.173322    0.207217 
   25          6             0       -4.711314    0.126494   -0.164449 
   26          6             0       -3.373693    0.525020   -0.179232 
   27          1             0       -1.910912   -2.357163    0.777561 
   28          1             0       -4.281766   -3.094345    0.828589 
   29          1             0       -6.086310   -1.477414    0.220651 
   30          1             0       -5.478243    0.834822   -0.456679 
   31         17             0       -3.048056    2.167770   -0.745095 
---------------------------------------------------------------------------------------------------------- 
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Optimized Parameters (Angstroms and Degrees) 
---------------------------------------------------------------------------------------------------------- 
Name Definition  Value  Derivative Info.              
---------------------------------------------------------------------------------------------------------- 
  R1 R(1,2)   1.3815  -DE/DX= 0.                
  R2 R(1,6)   1.4199  -DE/DX = 0.                
  R3 R(1,11)   1.0839  -DE/DX = 0.                
  R4 R(2,3)   1.4243  -DE/DX = 0.                
  R5 R(2,16)   1.3622  -DE/DX = 0.                
  R6 R(3,4)   1.3699  -DE/DX = 0.                
  R7 R(3,12)   1.085  -DE/DX = 0.                
  R8 R(4,5)   1.4238  -DE/DX = 0.                
  R9 R(4,13)   1.0849  -DE/DX = 0.                
  R10 R(5,6)   1.429  -DE/DX = 0.                
  R11 R(5,10)   1.3589  -DE/DX = 0.                
  R12 R(6,7)   1.4171  -DE/DX = 0.                
  R13 R(7,8)   1.3735  -DE/DX = 0.                
  R14 R(7,14)   1.087  -DE/DX = 0.                
  R15 R(8,9)   1.424  -DE/DX = 0.                
  R16 R(8,15)   1.0826  -DE/DX = 0.                
  R17 R(9,10)   1.3259  -DE/DX = 0.                
  R18 R(9,21)   1.4929  -DE/DX = 0.                
  R19 R(15,31)  2.7507  -DE/DX = 0.                
  R20 R(16,17)  1.4197  -DE/DX = 0.                
  R21 R(17,18)  1.0974  -DE/DX = 0.                
  R22 R(17,19)  1.0906  -DE/DX = 0.                
  R23 R(17,20)  1.0973  -DE/DX = 0.                
  R24 R(21,22)  1.407  -DE/DX = 0.                
  R25 R(21,26)  1.4053  -DE/DX = 0.                
  R26 R(22,23)  1.39  -DE/DX = 0.                
  R27 R(22,27)  1.0843  -DE/DX = 0.                
  R28 R(23,24)  1.3956  -DE/DX = 0.                
  R29 R(23,28)  1.0856  -DE/DX = 0.                
  R30 R(24,25)  1.3923  -DE/DX = 0.                
  R31 R(24,29)  1.0857  -DE/DX = 0.                
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  R32 R(25,26)  1.3958  -DE/DX = 0.                
  R33 R(25,30)  1.0841  -DE/DX = 0.                
  R34 R(26,31)  1.7677  -DE/DX = 0.                
  A1 A(2,1,6)   119.7724 -DE/DX = 0.                
  A2 A(2,1,11)  121.5738 -DE/DX = 0.                
  A3 A(6,1,11)  118.6538 -DE/DX = 0.                
  A4 A(1,2,3)   120.335  -DE/DX = 0.                
  A5 A(1,2,16)  125.2553 -DE/DX = 0.                
  A6 A(3,2,16)  114.4096 -DE/DX = 0.                
  A7 A(2,3,4)   120.6104 -DE/DX = 0.                
  A8 A(2,3,12)  117.7661 -DE/DX = 0.                
  A9 A(4,3,12)  121.6235 -DE/DX = 0.                
  A10 A(3,4,5)   120.7253 -DE/DX = 0.                
  A11 A(3,4,13)  121.4819 -DE/DX = 0.                
  A12 A(5,4,13)  117.7925 -DE/DX = 0.                
  A13 A(4,5,6)   118.4676 -DE/DX = 0.                
  A14 A(4,5,10)  118.6021 -DE/DX = 0.                
  A15 A(6,5,10)  122.9302 -DE/DX = 0.                
  A16 A(1,6,5)   120.0891 -DE/DX = 0.                
  A17 A(1,6,7)   123.3176 -DE/DX = 0.                
  A18 A(5,6,7)   116.5905 -DE/DX = 0.                
  A19 A(6,7,8)   119.911  -DE/DX = 0.                
  A20 A(6,7,14)  119.5705 -DE/DX = 0.                
  A21 A(8,7,14)  120.5165 -DE/DX = 0.                
  A22 A(7,8,9)   119.3755 -DE/DX = 0.                
  A23 A(7,8,15)  120.5998 -DE/DX = 0.                
  A24 A(9,8,15)  120.0166 -DE/DX = 0.                
  A25 A(8,9,10)  122.1738 -DE/DX = 0.                
  A26 A(8,9,21)  121.8873 -DE/DX = 0.                
  A27 A(10,9,21)  115.8123 -DE/DX = 0.                
  A28 A(5,10,9)  118.9948 -DE/DX = 0.                
  A29 A(2,16,17)  118.0889 -DE/DX = 0.                
  A30 A(16,17,18)  111.5046 -DE/DX = 0.                
  A31 A(16,17,19)  106.0646 -DE/DX = 0.                
  A32 A(16,17,20)  111.484  -DE/DX = 0.                
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  A33 A(18,17,19)  109.3126 -DE/DX = 0.                
  A34 A(18,17,20)  109.0783 -DE/DX = 0.                
  A35 A(19,17,20)  109.3266 -DE/DX = 0.                
  A36 A(9,21,22)  117.6326 -DE/DX = 0.                
  A37 A(9,21,26)  125.5404 -DE/DX = 0.                
  A38 A(22,21,26)  116.8254 -DE/DX = 0.                
  A39 A(21,22,23)  122.033  -DE/DX = 0.                
  A40 A(21,22,27)  117.3286 -DE/DX = 0.                
  A41 A(23,22,27)  120.6382 -DE/DX = 0.                
  A42 A(22,23,24)  119.7677 -DE/DX = 0.                
  A43 A(22,23,28)  119.8715 -DE/DX = 0.                
  A44 A(24,23,28)  120.3607 -DE/DX = 0.                
  A45 A(23,24,25)  119.7081 -DE/DX = 0.                
  A46 A(23,24,29)  120.6697 -DE/DX = 0.                
  A47 A(25,24,29)  119.6196 -DE/DX = 0.                
  A48 A(24,25,26)  119.8982 -DE/DX = 0.                
  A49 A(24,25,30)  120.8529 -DE/DX = 0.                
  A50 A(26,25,30)  119.2442 -DE/DX = 0.                
  A51 A(21,26,25)  121.7485 -DE/DX = 0.                
  A52 A(21,26,31)  121.75  -DE/DX = 0.                
  A53 A(25,26,31)  116.4395 -DE/DX = 0.                
  D1 D(6,1,2,3)  -0.0889  -DE/DX = 0.                
  D2 D(6,1,2,16)  179.9603 -DE/DX = 0.                
  D3 D(11,1,2,3)  179.9007 -DE/DX = 0.                
  D4 D(11,1,2,16)  -0.0502  -DE/DX = 0.                
  D5 D(2,1,6,5)  0.0451  -DE/DX = 0.                
  D6 D(2,1,6,7)  179.4166 -DE/DX = 0.                
  D7 D(11,1,6,5)  -179.9448 -DE/DX = 0.                
  D8 D(11,1,6,7)  -0.5733  -DE/DX = 0.                
  D9 D(1,2,3,4)  0.0458  -DE/DX = 0.                
  D10 D(1,2,3,12)  179.9816 -DE/DX = 0.                
  D11 D(16,2,3,4)  -179.9983 -DE/DX = 0.                
  D12 D(16,2,3,12)  -0.0624  -DE/DX = 0.                
  D13 D(1,2,16,17)  -0.308  -DE/DX = 0.                
  D14 D(3,2,16,17)  179.7386 -DE/DX = 0.                
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  D15 D(2,3,4,5)  0.0429  -DE/DX = 0.                
  D16 D(2,3,4,13)  179.8596 -DE/DX = 0.                
  D17 D(12,3,4,5)  -179.8904 -DE/DX = 0.                
  D18 D(12,3,4,13)  -0.0737  -DE/DX = 0.                
  D19 D(3,4,5,6)  -0.0848  -DE/DX = 0.                
  D20 D(3,4,5,10)  179.8571 -DE/DX = 0.                
  D21 D(13,4,5,6)  -179.9081 -DE/DX = 0.                
  D22 D(13,4,5,10)  0.0338  -DE/DX = 0.                
  D23 D(4,5,6,1)  0.041  -DE/DX = 0.                
  D24 D(4,5,6,7)  -179.3718 -DE/DX = 0.                
  D25 D(10,5,6,1)  -179.8983 -DE/DX = 0.                
  D26 D(10,5,6,7)  0.689  -DE/DX = 0.                
  D27 D(4,5,10,9)  -179.2727 -DE/DX = 0.                
  D28 D(6,5,10,9)  0.6665  -DE/DX = 0.                
  D29 D(1,6,7,8)  179.5712 -DE/DX = 0.                
  D30 D(1,6,7,14)  -0.9346  -DE/DX = 0.                
  D31 D(5,6,7,8)  -1.0369  -DE/DX = 0.                
  D32 D(5,6,7,14)  178.4574 -DE/DX = 0.                
  D33 D(6,7,8,9)  0.1122  -DE/DX = 0.                
  D34 D(6,7,8,15)  179.0732 -DE/DX = 0.                
  D35 D(14,7,8,9)  -179.3772 -DE/DX = 0.                
  D36 D(14,7,8,15)  -0.4162  -DE/DX = 0.                
  D37 D(7,8,9,10)  1.3219  -DE/DX = 0.                
  D38 D(7,8,9,21)  177.0597 -DE/DX = 0.                
  D39 D(15,8,9,10)  -177.6452 -DE/DX = 0.                
  D40 D(15,8,9,21)  -1.9074  -DE/DX = 0.                
  D41 D(8,9,10,5)  -1.6861  -DE/DX = 0.                
  D42 D(21,9,10,5)  -177.6664 -DE/DX = 0.                
  D43 D(8,9,21,22)  -135.5785 -DE/DX = 0.                
  D44 D(8,9,21,26)  44.8909  -DE/DX = 0.                
  D45 D(10,9,21,22)  40.4144  -DE/DX = 0.                
  D46 D(10,9,21,26)  -139.1163 -DE/DX = 0.                
  D47 D(2,16,17,18)  61.2796  -DE/DX = 0.                
  D48 D(2,16,17,19)  -179.8146 -DE/DX = 0.                
  D49 D(2,16,17,20)  -60.9032 -DE/DX = 0.                
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  D50 D(9,21,22,23)  179.0042 -DE/DX = 0.                
  D51 D(9,21,22,27)  -1.1572  -DE/DX = 0.                
  D52 D(26,21,22,23)  -1.4238  -DE/DX = 0.                
  D53 D(26,21,22,27)  178.4148 -DE/DX = 0.                
  D54 D(9,21,26,25)  -179.1438 -DE/DX = 0.                
  D55 D(9,21,26,31)  3.8214  -DE/DX = 0.                
  D56 D(22,21,26,25)  1.3221  -DE/DX = 0.                
  D57 D(22,21,26,31)  -175.7127 -DE/DX = 0.                
  D58 D(21,22,23,24)  0.437  -DE/DX = 0.                
  D59 D(21,22,23,28)  -179.4671 -DE/DX = 0.                
  D60 D(27,22,23,24)  -179.3963 -DE/DX = 0.                
  D61 D(27,22,23,28)  0.6996  -DE/DX = 0.                
  D62 D(22,23,24,25)  0.71  -DE/DX = 0.                
  D63 D(22,23,24,29)  -179.8773 -DE/DX = 0.                
  D64 D(28,23,24,25)  -179.3864 -DE/DX = 0.                
  D65 D(28,23,24,29)  0.0263  -DE/DX = 0.                
  D66 D(23,24,25,26)  -0.8057  -DE/DX = 0.                
  D67 D(23,24,25,30)  178.3972 -DE/DX = 0.                
  D68 D(29,24,25,26)  179.7753 -DE/DX = 0.                
  D69 D(29,24,25,30)  -1.0217  -DE/DX = 0.                
  D70 D(24,25,26,21)  -0.2401  -DE/DX = 0.                
  D71 D(24,25,26,31)  176.9441 -DE/DX = 0.                
  D72 D(30,25,26,21)  -179.4559 -DE/DX = 0.                
  D73 D(30,25,26,31)  -2.2718  -DE/DX = 0.                
---------------------------------------------------------------------------------------------------------- 
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4.1 Introduction 
Carbon has various numbers of isotopes, and especially four main isotopes are used 
in general. As shown in Table 4.1, carbon-11 (11C) and carbon-14 (14C) have radio 
activities. The former is applied for positron emission tomography (PET) in medicine, 
and the latter is used for carbon dating. On the other hands, carbon-12 (12C) and 
carbon-13 (13C) are stable carbon isotopes, and their natural abundant ratio is 98.9% to 
1.1%.  
Nuclide symbol Natural abundance Half-life
11C (Radio isotope)
12C (Stable isotope)
13C (Stable isotope)
14C (Radio isotope) 1.0×10-12
0.011
0.989
20 min
5730 years
Detection
PET
MS, IR
MS, IR, NMR
AMS
Table 4.1. The Features of Carbon Isotopes
 
 
  The definition of “Isotopomer” is not clear in the literature. However IUPAC has 
proposed its definition as isomers having the same number of each isotopic atom but 
differing in their positions. The term is a contraction of ‘isotopic isomer’. Isotopomers 
can be either constitutional isomers or isotopic stereoisomers. On the other hand, 
IUPAC has also defined “Isotopologue” as a molecular entity that differs only in 
isotopic composition (number of isotopic substitutions). But isotopologue is not 
common, and many scientists and literatures confuse “Isotopologue” with “Isotopomer”. 
At the view of this tedious complication, Zhang has proposed that “isotopologue” 
should be removed and « isotopomer » can be defined in a more general way: 
“Isotopomers” are molecules which have the same constitution and the same 
configuration but differ in isotope substitution. (Scheme 4.1)1) In this thesis, the author 
would like to adopt Zhang’s definition.  
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Isotopomer
CH2DCH=O & CH3CD=O
(constitutional isomers)
(R)-CH3CHDOH (S)-CH3CHDOH
(Z)-CH3CH=CHD (E)-CH3CH=CHD
&
&
(Isotopic stereoisomers)
Isotopologue
CH4, CH3D, CH2D2
(Number of isotopic substitutions)
[IUPAC Definition]
[Zhang's Proposition]
Molecules which have the same constitution and the same 
configuration but differ in isotope substitution.
Isotopomer
(e.g.) CH3OH, 13CH3OH, CH3OD, CH2DOH, CH318OH, ...
 
Scheme 4.1. Definition of “Isotopomer” 
 
13C-Enriched organic compounds, so-called 13C-isotopomers, have following three 
features; (1) 13C-isotopomer is stable and does not have radioactive decay. (2) Because 
of few difference about the mass numbers between 12C and 13C, i.e. isotope effect would 
be considered little, the chemical reactivity of 13C-isotopomer is similar to that of 
organic compounds in natural abundance. (3) As shown in Table 4.1, 13C-isotopomer 
shows specific spectra in NMR, IR and MS. Therefore various 13C-isotopomers can be 
used for precise quantitative analysis of organic molecules in living cells or those 
distributed environmentally. And multi labeled carbon isotopomers are also useful for 
tracing biological action or metabolism of biomolecules. For example, 13C-isotopomers 
are used as diagnostic agents.2) (Scheme 4.2) 
H2N NH2
O
13C-Urea
Hericobacter Pylori Infection
N
N
N
Ph
O
13C-Aminopyrine
Diabates
H2N
Ph O
OH
13C-Phenylalanine
Ph
HN
O O
NH
Ph
O
ONa
Bz-Phe-(13C-Ala)-ONa
Exocrine Pancreas
Liver Function
HO
O
13C-Octanoic acid
Gatric Emptying
(    = 13C)
 
Scheme 4.2. Various 13C-isotopomers used as diagnostic agents 
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5-Aminolevulinic acid (5-ALA) 1 is a biological intermediate of hemes, chlorophylls, 
vitamin B12 and other tetrapyrroles (Scheme 4.3). According various biologically 
activities of 5-ALA, there are a number of demands such as insecticide and herbicide.3) 
In recent years, 5-ALA is also used as an agent for photodynamic diagnosis and therapy 
(PDD and PDT).4) To improve the selectivity of 5-ALA toward malignant tissues and its 
instability for neutral or slightly basic pH, Prof. Neier et al. reported the synthesis of 
5-ALA esters combined with lipophilic or hydrophilic vitamins.5) Despite these 
importance of 5-ALA, there are few methods to observe the action of 5-ALA except for 
using fluorescence of protoporphyrin IX(PPIX), one of the biological product from 
5-ALA. In order to explore the observation methods of 5-ALA and its biological 
derivatives, it is necessary to prepare appropriate 13C-isotopomers of 5-ALA, which are 
expected to be observed with its high sensitivity of NMR as well as traditional 
analytical measures as mass spectrometry. However, the synthetic methods for 13C- 
isotopomers for 5-ALA are still limited, especially in terms of methods from easily 
available starting 13C materials, although various synthetic methods of 5-ALA with 
natural abundance6) including industrial route7) are reported. 
CO2H
H2N
O
5-Aminolevulinic acid
(5-ALA)
N
H
CO2H
CO2H
H2N
Porphobilinogen
(PBG)
NH
NH HN
HN
P A
P
A
PP
A
A
Uroporphyrinogen III
N
NH N
HN
PP
Protoporphyrin IX
(PPIX)
N
N N
N
PP
Heme
Fe2+
N
N N
N
P
Mg2+
OMeO2C
Chlorophyll
(A=acetic acid, P=propanonic acid)
N
N N
N
Co+
H2NOC
H2NOC
H2NOC
CONH2
CONH2
H
CONH2
CN
N
N
O
NH
O
P
O
OHO
O
OH
HO Vitamin B12
1
 
Scheme 4.3. Biosynthesis Pathway of Tetrapyrrole Compounds in vivo Starting from 
5-ALA 
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So far, several methods to prepare partially-labeled 5-ALA isotopomers8) have been 
reported. However, synthesis of the carbon universally labeled isotopomer of 5-ALA 
has been scarcely reported. It is notable that Prof. Lugtenburg et al. reported the 
synthesis of [1,2,3,4,5-13C5]-5-aminolevulinic acid and its other carbon and nitrogen 
isotopomers.9) (Scheme 4.4) 
 
Br
O
OEt Br
13CH313CN C N
C NO
O
Br13CH2COOEt
HO
O
NH2·HCl
O
yield 13% (12 steps) (    = 
13C)  
Scheme 4.4. Synthetic route of [1,2,3,4,5-13C5]-5-aminolevulinic acid 
reported by Lugtenburg et al. 
 
In this section, concise syntheses of [5-13C1]- and [1,2,3,4,5-13C5]-5-aminolevulinic 
acid starting from commercially available [2-13C1]-glycine and [1,2-13C2]-acetic acid 
were described. For the synthesis of carbon universally labeled 5-ALA isotopomer the 
author have also studied synthesis of [1,2,3,4-13C4]-succinate and [1,2,3,4-13C4]-succinic 
anhydride, important intermediates for multi-labeled organic compound isotopomers. 
 
4.2 Synthesis of 5-ALA starting from glycine and succinic anhydride 
 
At the beginning of 13C-isotopomer synthesis, normal synthesis of 5-ALA using 
organic compounds in natural abundance was studied. In the ground of biosynthesis of 
5-ALA, glycine and succinic anhydride were chosen as substrates. As shown in Scheme 
4.5, treatment of glycine with SOCl2 in ethanol, followed by N-benzoyl protection as 
benzamide to give N-protected glycine derivative 2, in 84 % yield (2 steps).  
Coupling reaction of 2 and succinic anhydride was carried out with lithium 
diisopropylamide (LDA)10) to give 5-ALA derivative 3 in 60% yield. Acid hydrolysis, 
deprotection, and decarboxylation of 3 were carried out in one pot under an acidic 
condition to afford 5-ALA hydrochloride salt 1 in 75% yield. 
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OH
O
H2N
1) SOCl2, EtOH, rt, 18 h
2) BzCl, Et3N, CHCl3, 0 °C, 1 h Ph NH
O
CO2Et
84% (2 steps)
THF, -78 °C, 150 min
LDA,
Ph N
H
CO2Et
O
OH
O
O
60%
conc. HCl
reflux, overnight
O
NH2·HClHO
O
75%
OO O
Glycine 2
3
5-ALA·HCl
1
 
Scheme 4.5 Synthesis of 5-ALA using organic compounds in natural abundance 
 
For the study of the synthesis of [1,2,3,4,5-13C5]-5-ALA, it is necessary to prepare 
[1,2,3,4-13C4]-succinic anhydride 7 from acetic acid as an available starting material. 
Because of difficulty in handling of high volatility of acetates obtained from small 
molecular weight alcohols, the author used 3-phenypropanyl acetate 4 as a nonvolatile 
ester. DCC/DMAP-mediated esterification of acetic acid with 3-phenyl-1-propanol gave 
the corresponding ester 4 in quantitative yield. Then the oxidative dimerization of 4 in 
the presence of lithium bis(trimethylsilyl)amide (LHMDS) and copper (II) bromide 
gave bis(3-phenylpropyl) succinate 5 in 74% yield.11) Acid hydrolysis of 5 provided 
succinic acid (92% yield), and the resulting product was dehydrated to afford succinic 
anhydride by treatment with AcCl in quantitative yield. (Scheme 4.6) 
 
OH
O
+ Ph OH
DCC, DMAP
CH2Cl2, rt, 18 h O
O
Ph
quant.
LHMDS, CuBr2
-78 °C, 150 min
OPh
O
O
O
Ph
74%
HCl aq.
110 °C, 18 h HO
O
OH
O
AcCl
reflux, 2 h
O
O
O
92% quant.
4
5
Acetic acid
Succinic acid Succinic anhydride
 
Scheme 4.6. Synthesis of succinic anhydride starting from acetic acid 
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4.3 Synthesis of [5-13C1]-5-ALA starting from [2-13C1]-glycine 
 
Next the synthesis of [5-13C1]-5-ALA was studied from [2-13C1]-glycine. As 
illustrated in Scheme 4.7, treatment of [2-13C1]-glycine with SOCl2 in ethanol, followed 
by N-benzoyl protection as benzamide to give N-protected glycine derivative 2a, in 
53 % yield (2 steps).  
Coupling reaction of 2a and succinic anhydride was carried out with LDA10) to give 
[5-13C1]-5-ALA derivative 3a in 82% yield. Acid hydrolysis, deprotection, and 
decarboxylation of 3a were carried out in one pot under an acidic condition to afford 
[5-13C1]-5-ALA hydrochloride salt 1a in 64% yield. 
 
OH
O
H2N
1) SOCl2, EtOH, rt, 18 h
2) BzCl, Et3N, CHCl3, 0°C, 1 h Ph NH
O
CO2Et
53% (2 steps)
[2-13C1]-Glycine 2a
Ph N
H
O
CO2Et
+ O
O
O
THF, -78°C, 150 min
LDA
Ph N
H
CO2Et
O
OH
O
O
82%
conc. HCl
reflux, overnight
O
NH2·HClHO
O
64%
2a 3a
[5-13C1]-5-ALA·HCl
1a
(    = 13C)
 
Scheme 4.7. Synthesis of [5-13C1]-5-ALA starting from [2-13C1]-glycine 
 
4.4 Synthesis of [1,2,3,4,5-13C5]-5-ALA starting from [2-13C1]-glycine 
and [1,2-13C2]-acetic acid 
 
According to the synthesis of [5-13C1]-5-ALA, similarly the synthesis of 
[1,2,3,4,5-13C5]-5-ALA was also studied. In the former study, the author prepared 
[1,2,3,4-13C4]-succinic anhydride 7 from [1,2-13C2]-acetic acid by oxidative homo 
coupling of its ester enolate.(Scheme 4.8) At the former synthesis of succinic anhydride 
starting from acetic acid, the author used 3-phenypropanyl [1,2-13C2]-acetate 4a as a 
nonvolatile ester. DCC/DMAP-mediated esterification of [1,2-13C2]-acetic acid with 3- 
 -91- 
 
Chapter 4. Synthesis of [5-13C1]- and [1,2,3,4,5-13C5]-5-Aminolevulinic Acids 
Starting from [1,2-13C2]-Acetic Acid and [2-13C1]-Glycine 
  
phenyl-1-propanol gave the corresponding ester 4a in quantitative yield. Then the 
oxidative dimerization of 4a in the presence of LHMDS and copper (II) bromide gave 
bis(3-phenylpropyl) [1,2,3,4-13C4]-succinate 5a in 54% yield.11) Acid hydrolysis of 5 
provided [1,2,3,4-13C4]-succinic acid 6 (89% yield), and the resulting product was 
dehydrated to afford 7 by treatment with acetyl chloride in 98%. [1,2,3,4-13C4]-succinic 
acid 6 and its derivatives 5a and 7 are useful intermediates for multi-labeled organic 
compound isotopomers. Coupling reaction of 2a and 7 with LDA9) gave the 
[1,2,3,4,5-13C5]-5-ALA derivative 3b in 40% yield. After a similar manner for the 
synthesis of 1a from 2a and succinic anhydride, [1,2,3,4,5-13C5]-5-ALA hydrochloride 
salt 1b was obtained from 2 and [1,2,3,4-13C4]-succinic anhydride 7 in 75% yield. 
 
+
THF, -78°C, 150 min
LDA
Ph N
H
CO2Et
O
OH
O
O
40%
conc. HCl
reflux, overnight
O
NH2·HClHO
O
75%
OH
O
+ Ph OH
DCC, DMAP
CH2Cl2, rt, 18 h O
O
Ph
quant.
LHMDS, CuBr2
-78°C, 2.5 h
OPh
O
O
O
Ph
54%
HCl aq.
110°C, 18 h
HO
O
OH
O
AcCl
reflux, 2 h
OO O
89% 98%
[1,2-13C2]-Acetic acid 4a
2a
5a
[1,2,3,4-13C4]-Succinic acid
6
3b
[1,2,3,4-13C4]-Succinic anhydride
7
7
[1,2,3,4,5-13C5]-5-ALA·HCl
1b
(    = 13C)
 
Scheme 4.8. Synthesis of [1,2,3,4,5-13C1]-5-ALA starting from  
[2-13C1]-glycine and [1,2-13C2]-acetic acid 
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4.5 Synthetic Study of [1,2,3,4,5-13C5]-5-ALA starting from 
[2-13C1]-glycine and [1,2-13C2]-acetic acid using Pd catalyst 
 
  In the former section, [1,2,3,4,5-13C5]-5-ALA hydrochloride salt 1b was synthesized, 
however, the deprotection of 3b required severe reaction conditions. Therefore synthetic 
route of 1b was changed from acidic conditions to milder conditions using palladium 
catalyst.  
The synthesis of [1,2,3,4,5-13C5]-5-ALA was also studied from [2-13C1]-glycine. As 
illustrated in Scheme 4.9, treatment of [2-13C1]-glycine with allyl chloroformate in basic 
conditions, followed by allyl esterification to give N-allyloxycarbonyl glycine 
derivative 2b in 81 % yield (2 steps).12) Although the reaction of 2b and 7 with LDA,  
[1,2,3,4,5-13C5]-5-ALA derivative 3c was not obtained because of the side reaction such 
as Ireland-Claisen rearrangement,13) coupling reaction of 2b and 7 with LHMDS gave 
3c in 44% yield. Then deprotection of 3c using palladium catalyst under the conditions 
in the table were attempt, however, [1,2,3,4,5-13C5]-5-ALA hydrochloride salt 1b was 
not obtained.14) - 17) Further improvements are in progress.  
 
H2N CO2H
Na2CO3
Allyl chloroformate
MeCN-H2O, rt, 24 h NH
CO2HO
O NaHCO3
Allyl bromide
DMF, rt, 3 days NH
O
O
O
O
N
H
O
O
O
O
+ O
O
O
LHMDS
THF, -78 °C, 3 h
1 eq.1.5 eq.
N
H
O
O
O
O
O
81 % yield in 2 steps
44 %
3c
2b
2b
[2-13C1]-Glycine
O
OH
(    = 13C)
O
NH2·HClHO
O
 [1,2,3,4,5-13C5]-5-ALA·HCl
Conditions
Conditions Yield
Pd/C, PPh3, 1,3-Dimethylbarbituric acid, EtOH, reflux
Pd(PPh3)4, Dimedone, THF, reflux
Pd2(dba)3·CHCl3, PPh3, HCO2H-Et3N, THF, rt
ND
ND
ND
7
1b
 
Scheme 4.9. Synthetic Study of [1,2,3,4,5-13C1]-5-ALA starting from  
[2-13C1]-glycine and [1,2-13C2]-acetic acid using Pd catalyst 
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4.6 Summary 
 
  A concise synthetic method for [5-13C1]- and [1,2,3,4,5-13C5]- 5-aminolevulinic acid 
starting from commercially available [2-13C1]-glycine and [1,2-13C2]-acetic acid was 
established. The developments of 5-aminolevulinic acid syntheses have been suggested 
to contribute for 13C-isotopomer synthesis. 
 
4.7 Experimental section 
 
Ph N
H
O
CO2Et
 
N-Benzoyl-[2-13C1]-glycine ethyl ester (Ethyl [2-13C1]-hippurate) (2a) 
To a suspension of [2-13C1]-glycine (0.33 g, 4.3 mmol) in anhydrous EtOH (10.8 mL), 
was added slowly SOCl2 (1.12 mL, 9.9 mmol) at 0 °C under argon atmosphere. The 
reaction mixture was allowed to room temperature, and stirred for 19 h. Excess SOCl2 
and the solvent were removed by evaporation, and the residue was dried in vacuo to 
give a crude product as a white solid. The crude product was dissolved in CH2Cl2 (10 
mL) and to the resulting solution benzoyl chloride (0.66 mL, 5.7 mmol) and Et3N (1.1 
mL, 7.6 mmol) were added at 0 °C under argon atmosphere. The reaction mixture was 
allowed to room temperature, and stirred for 1 h. The mixture was filtered and the 
filtrated mixture was condensed in vacuo and extracted with ethyl acetate (15mL×3). 
The combined organic layer was dried over MgSO4 and concentrated. Purification by 
flash column chromatography (SiO2, hexane/AcOEt = 85:15) afforded 2 as a yellow 
solid in 53% yield starting from [2-13C1]-glycine. 1H NMR (500 MHz, CDCl3) δ 1.30 (t, 
3H, J =7.2 Hz, CH2CH3), 4.22 (dd, 2H, 1JCH = 141.3, 5.0 Hz, NHCH2), 4.25 (q, 2H, J = 
7.1 Hz, CH2CH3), 6.82 (s, br, 1H, NH), 7.82 (m, 2H, aromatic H), 7.51 (m, 1H, aromatic 
H), 7.43 (m, 2H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 14.1 (s, CH2CH3), 41.8 (s, 
13CH2), 61.6 (s, CH2CH3), 127.0, 128.5, 131.7, 133.7 (s, aromatic C), 167.4 (s, CO), 
170,1 (d, J = 58.5 Hz, 13CC(O)), IR (neat, ATR) 3336 (m), 1751 (s), 1526 (m), 1188 (m), 
1163 (m), HRMS (FAB) calcd for C1013C1H13NO3 [M+H]+ 209.1007, found 209.1015. 
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N
H
O
O
O
O  
[2-13C1]-Allyl ((allyloxy)carbonyl)methylcarbamate (2b) 
To [2-13C1]-glycine (190 mg, 2.5 mmol) in H2O - MeCN (2.9 mL and 1.5 mL), was 
added slowly Na2CO3 (265 mg, 2.5 mmol), allyl chloroformate (0.266 mL, 2.5 mmol) at 
room temperature. The reaction mixture was stirred for 46 h. After the reaction, the 
resulting mixture was evaporated to remove solvent, and dried in vacuo to give a crude 
product as a white solid. To the crude reaction mixture in DMF (5.9 mL), was added 
NaHCO3 (210 mg, 2.5 mmol) and allyl bromide (0.238 mL, 2.75 mmol) at room 
temperature. The reaction mixture was stirred for 3 days. The resulting mixture was 
washed with phosphate buffer saline (20mL) and extracted with ethyl acetate (15mL×3). 
The combined organic layer was dried over MgSO4 and concentrated. Purification by 
flash column chromatography (SiO2, hexane/AcOEt = 80:20) afforded 2b as a 
transparent oil in 81% yield in 2 steps. 1H NMR (500 MHz, CDCl3) δ 4.00 (dd, 2H, J = 
140.7, 5.5 Hz, 13CH2), 4.59 (dd, 2H, J = 5.5, 1.2 Hz, CH2CH=CH2), 4.66 (dt, 2H, J = 5.8, 
1.2 Hz, CH2CH=CH2), 5.24 – 5.36 (m, 5H, CH2CH=CH2 and NH), 5.87 – 5.96 (m, 2H, 
CH2CH=CH2), 13C NMR (125 MHz, CDCl3) δ 42.7 (s, 13CH2), 65.9, 65.9 (s, 
CH2CH=CH2), 117.8, 118.9 (s, CH2CH=CH2), 131.4, 132.6 (s, CH2CH=CH2), 156.1 (s, 
CONH), 169.9 (s, CO2 CH2CH=CH2), IR (neat, ATR) 3342 (br), 2942 (w), 1704 (s), 
1649 (w), 1518 (m), 1449 (w), 1411 (w), 1374 (w), 1344 (w), 1272 (m), 1183 (s), 1091 
(w), 1046 (m), 988 (s), 924 (m), 779 (m), 550 (m), HRMS (FAB) calcd for 
C813C1H14NO4 [M+H]+ 201.0956, found 201.0952. 
 
O
O
Ph  
3-Phenylpropyl-[1,2-13C2]-acetate (4a) 
To a solution of 3-phenyl-1-propanol (1.83 g, 13.4 mmol) and DCC (3.01 g, 14.6 
mmol) in DCM (30 mL) were added [1,2-13C2]-acetic acid (0.70 mL, 12.2 mmol) and 
4-DMAP (0.147 g, 1.2 mmol) at 0 °C under argon atmosphere. The mixture was stirred 
for 1h at the same temperature. Then the reaction mixture was allowed to warm to rt and 
stirred for overnight. The resulting mixture was filtered with a pad of Celite and the  
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filtrate was concentrated. Purification by flash column chromatography (SiO2, 
hexane/AcOEt = 90:10) afforded 4 as a colorless oil in quantitative yield. 1H NMR (500 
MHz, CDCl3) δ 1.92-1.98 (m, 2H, CH2CH2CH2), 2.04 (dd, 3H, 1JCH = 129.1 Hz, 2JCH 
=6.9 Hz, CH3), 2.68 (t, 2H, J = 7.7 Hz, C6H5CH2), 4.08 (td, 2H, J = 6.6 Hz, 3JCH = 2.9 
Hz, CH2O), 7.28 (m, 2H, aromatic H), 7.18 (m, 3H, aromatic H), 13C NMR (125 MHz, 
CDCl3) δ 20.9 (d, J = 59.5 Hz, 13CH3), 30.1 (s, CH2CH2CH2), 32.1 (s, C6H5CH2), 63.8 
(s, CH2O), 125.9, 128.3, 128.4, 141.2 (s, aromatic C), 171.1 (d, J = 59.5 Hz, 13CO), IR 
(neat, ATR) 3027 (w), 1692 (s), 1197 (s), 1029 (s), HRMS (FAB) calcd for C913C2H14O6 
[M+H]+ 180.1061, found 180.1084. 
 
OPh
O
O
O
Ph
 
Bis(3-phenylpropyl)-[1,2,3,4-13C4]-succinate (5a) 
To a 1.0 M LHMDS THF solution (5.8 mmol, 9.2 mL) was added 4 (5.1 mmol, 0.92 
g in 3 mL of THF) at -78 °C under argon atmosphere, and the mixture was stirred for 15 
min. CuBr2 (5.1 mmol, 1.15 g) was added to the reaction mixture at the same 
temperature. After stirring 2.5 h, the reaction mixture was allowed to warm at rt and 
stirred for 1h. The resulting mixture was quenched with sat. NH4Cl aq. and extracted 
with pentane (15mL×3). The combined organic layer was dried over MgSO4 and 
concentrated. Purification by flash column chromatography (SiO2, hexane/ether = 95:5) 
afforded 5 as a colorless oil in 54% yield. 1H NMR (500 MHz, CDCl3) δ 1.85-1.90 (m, 
4H, CH2CH2CH2), 2.53 (dd, 4H, 1JCH = 125.6 Hz, J = 2.1 Hz, 13CH2), 2.60 (t, 4H, J = 
7.7 Hz, C6H5CH2), 4.03 (td, 4H, J = 6.5 Hz, 2JCH = 2.8 Hz, CH2O), 7.10(m, 6H, 
aromatic H), 7.19(m, 4H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 28.6-29.5 (m, 
13CH2), 30.1 (s, CH2CH2CH2), 32.1 (s, C6H5CH2), 64.0 (s, CH2O), 125.9, 128.3, 128.4, 
141.1 (s, aromatic C), 171.8-172.7 (m, 13CO), IR (neat, ATR) 2953 (w), 1686 (s), 1136 
(s), HRMS (FAB) calcd for C1813C4H26O4 [M+H]+ 359.2044, found 359.2045. 
 
HO
O
OH
O  
[1,2,3,4-13C4]-Succinic acid (6) 
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A mixture of 5a (0.2 mmol, 0.072 g) in 3N HCl (4mL) was refluxed for 24 h. The 
resulting mixture was evaporated, washed with ether, and dried in vacuo to give 6 as a 
white solid in 89% yield. 1H NMR (500 MHz, CD3OD) δ 2.56 (dd, 4H, 1JCH = 124.7 Hz, 
3JCH = 1.8Hz), 13C NMR (125 MHz, CD3OD) δ  28.3 (m, 13CH2), 176.10 (m, 13CO), IR 
(neat, ATR) 2922 (br), 1639 (s), 1385 (s), 1295 (s), 1183 (s), 1167 (m), 902 (s), 788 (s), 
626 (s), 572 (m), 537 (w), HRMS (EI) calcd for 13C4H6O4 [M-H]+ 121.0322, found 
121.0286. 
 
OO O
 
[1,2,3,4-13C4]-Succinic anhydride (7) 
A mixture of 6 (0.44 mmol, 0.054 g) in AcCl (5 mL) was refluxed for 2 h. The 
resulting mixture was concentrated by evaporation and cooled at 0°C. The crude solid 
was collected by filtration, washed with ether, and dried in vacuo to give 7 as a white 
solid in 98% yield. 1H NMR (500 MHz, CDCl3) δ 3.00 (dd, 4H, 1JCH = 133.5 Hz, 3JCH = 
2.9Hz), 13C NMR (125 MHz, CDCl3) δ 28.3 (m, 13CH2), 170.57 (m, 13CO), IR (neat, 
ATR) 2960 (w), 1815 (m), 1734 (s), 1176 (m), 1026 (m), 990 (w), 910 (m), 794 (m), 
618 (m), HRMS (EI) calcd for 13C4H4O3 [M]+ 104.0305, found 104.0295. 
 
Ph N
H
CO2Et
O
OH
O
O
 
[5-13C1]-5-(Ethoxycarbonyl)-5-(benzamido)-4-oxopentanoic acid (3a) 
A mixture of anhydrous diisopropylamine (0.067 mL, 0.48 mmol), 
tetramethylethylenediamine (0.072 mL, 0.48 mmol) and anhydrous THF (1 mL) was 
cooled to -78 °C and treated with butyllithium (1.0M in hexane, 0.48 mL, 0.48 mmol) 
and stirred for 20 min. To the mixture was added dropwise 2 (0.05 g, 0.24 mmol) in 
anhydrous THF (1 mL) at -78 °C and the resulting yellow suspension was stirred for 1.5 
h. Succinic anhydride (0.016 g, 0.16 mmol) in anhydrous THF (1 mL) was added to the 
mixture, and allowed to warm 0 °C when it was poured into ice-water containing 6N 
HCl (1.5 mL). The water layer was extracted with Et2O (15mL×3) and combined 
extracts were washed with brine (50 mL), dried over MgSO4 and evaporated. The resi- 
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due was purified with flash column chromatography (SiO2, chloroform/methanol = 
97:3) afforded 3a as a yellow liquid in 82% yield. 1H NMR (500 MHz, CDCl3) δ 1.25 (t, 
3H, J = 7.17 Hz, CH2CH3), 2.52-2.61 (m, 2H, COCH2CH2), 2.87-3.18 (m, 2H, COCH2), 
4.23 (q, 2H, J = 7.2 Hz, CH2CH3), 5.42 (dd, 1H, 1JCH = 145.3 Hz, J = 6.6 Hz, NHCH), 
7.31 (s, br, 1H, NH), 7.35-7.41(m, 2H, aromatic H), 7.44-7.49 (m, 1H, aromatic H), 
7.74-7.79 (m, 2H, aromatic H), 13C NMR (125 MHz, CDCl3) δ 14.0 (s, CH2CH3), 
28.5-29.3(m CH2CH2), 62.9 (s, 13C), 64.7 (s, CH2CH3), 125.6, 127.3, 128.7, 132.2 (s, 
aromatic C), 167.0 (s, C(O)N), 172.2 (d, C(O)O), 177.4 (s, CO2H), IR (neat, ATR) 3176 
(br), 2962 (m), 1722 (s), 1650 (m), 1203 (m), 1156 (m), 714 (m), HRMS (FAB) calcd 
for C1413C1H17NO6 [M-H]+ 307.1011, found 307.0984. 
 
Ph N
H
CO2Et
O
OH
O
O
 
[1,2,3,4,5-13C5]-5-(Ethoxycarbonyl)-5-(benzamido)-4-oxopentanoic acid (3b) 
Similar treatment of 2 (0.17 g, 0.83 mmol) and 7 (0.05 g, 0.55 mmol) afforded 3b as 
a yellow liquid in 40% yield. 1H NMR (500 MHz, CDCl3) δ 1.24 (t, 3H, J = 7.17, 
CH2CH3), 2.35-3.29 (m, 4H, CH2CH2), 4.23 (q, 2H, J = 7.2 Hz, CH2CH3), 5.42 (dt, 1H, 
1JCH = 145.4 Hz, 3JCH = 5.9Hz, NHCH), 7.31 (s, br, 1H, NH), 7.35-7.41 (m, 2H, 
aromatic H), 7.44-7.48 (m, 1H, aromatic H), 7.75-7.78 (m, 2H, aromatic H), 13C NMR 
(125 MHz, CDCl3) δ 14.0 (s, CH2CH3), 27.6 (dd, J = 55.5, 38.4 Hz, 13CH213CO2H), 
28.4-29.1 (m, CH2CH3), 35.3 (dt, J = 58.7 Hz, 3JCH = 20.0 Hz, C(O)13C), 62.9 (dd, J  = 
37.4, 14.9 Hz, 13CH). 127.3, 128.6, 132.2, 135.5 (s, aromatic C), 177.1 (d, J = 56.6 Hz, 
13CO2H), 199.6 (t, J = 40.0 Hz, 13CO), IR (neat, ATR) 3349 (br), 2928 (m), 1741 (m), 
1654 (s), 1203 (m), 712 (m), HRMS (FAB) calcd for C1013C5H17NO6 [M+H]+ 313.1302, 
found 313.1285. 
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N
H
O
O
O
O
O
O
OH
 
[1,2,3,4,5-13C5]-Allyl ((allyloxy)carbonyl)methylcarbamate (3c) 
A mixture of LHMDS (1.3 mL, 1.3 mmol, 1.0M in THF solution) and anhydrous 
THF (1 mL) was cooled to -78 °C and stirred for 20 min. To the solution was added 2b 
(0.130 g, 0.65 mmol) in anhydrous THF (1mL) dropwise at -78 °C and the resulting 
yellow suspension was stirred for 1 h. At the same temperature, 7 (0.045 g, 0.43 mmol) 
in anhydrous THF (1 mL) was added to the mixture and stirred for 2 h. Then the 
resulting mixture was allowed to warm 0 °C when it was poured into ice-water 
containing 3N HCl (1.5 mL). The water layer was extracted with Et2O (15mL×3) and 
combined extracts were washed with brine (50 mL), dried over MgSO4 and evaporated. 
The residue was purified with flash column chromatography (SiO2, 
chloroform/methanol = 99:1) afforded 3c as a brown oil in 44% yield. 1H NMR (500 
MHz, CDCl3) δ 2.56 − 3.26 (m, 4H, 13CH213CH2), 4.59 (d, 2H, J = 5.1 Hz, 
CH2CH=CH2), 4.70 (d, 2H, J = 5.6 Hz, CH2CH=CH2), 5.16 – 5.38 (m, 5H, 
CH2CH=CH2 and 13CH), 5.87 – 5.95 (m, 2H, CH2CH=CH2), 6.02 (br d, 1H, J = 5.1 Hz, 
NH), 9.78 (br, 1H, COOH), 13C NMR (125 MHz, CDCl3) δ 27.6 (dd, J = 38.1, 56.3 Hz, 
13CO13CH213CH213COOH), 34.9 (td, J = 41.4, 14.1 Hz, 13CO13CH213CH213COOH), 63.7 
(dd, J = 38.1, 14.9 Hz, 13CH), 66.3, 67.2 (s, CH2CH=CH2), 118.1, 119.8 (s, 
CH2CH=CH2), 130.7, 132.2 (s, CH2CH=CH2), 159.6 (s, CONH), 170.5 (s, CO2 
CH2CH=CH2), 177.4 (d, J = 56.3 Hz, 13CO13CH213CH213COOH), 199.3 (t, J = 38.1 Hz, 
13CO13CH213CH213COOH), IR (neat, ATR) 3306 (br), 3084 (br), 2948 (br), 1684 (s), 
1649 (s), 1509 (m), 1443 (w), 1400 (m), 1321 (w), 1238 (s), 1197 (s), 1046 (s), 989 (m), 
915 (s), 776 (m), 730 (s), 648 (w), 554 (w), HRMS (FAB) calcd for C813C5H18NO7 
[M+H]+ 305.1251, found 305.1259. 
 
O
NH2·HClHO
O  
[5-13C1]-5-Aminolevulinic acid hydrochloride ([5-13C1]-5-ALA·HCl) (1a) 
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The acid 3a (0.26 g, 0.84 mmol) was heated with conc. HCl (5 mL) and acetic acid (5 
mL) in an oil-bath at 110 °C under argon for 16h and then evaporated. The residue was 
redissolved in water, the solution evaporated, and the residue then transferred to a 
continuous extractor with water and Et2O; the water layer was separated and evaporated 
(below 40 °C). The residual solid was crystallized from ether/ethanol to give as a white 
crystal in 64% yield. 1H NMR (500 MHz, D2O) δ 1.18 (d, 2H, J = 6.6 Hz, NH2), 2.60 (t, 
2H, J = 6.3 Hz, CH2CH2C(O)), 2.79 (t, 2H, J = 6.3 Hz, CH2CO2H), 4.02 (d, 2H, 1JCH = 
143.9 Hz, COCH2NH2), 13C NMR (125 MHz, D2O with CH3CN as internal standard, 
δ  = 1.47) δ 28.2 (s, CH2CO2H), 35.3 (s, CH2C(O)), 47.9 (s, 13C), 177.4 (s, CO2H), 
204.7 (d, J = 42.0, C(O)), IR (neat, ATR) 2973 (br), 1681 (m), 1643 (s), 1400 (m), 1221 
(m), 1159 (m), HRMS (FAB) calcd for C413C1H10ClNO3 [M-Cl]+ 133.0694, found 
133.0702. 
 
 
O
NH2·HClHO
O  
[1, 2, 3, 4, 5-13C5]-5-Aminolevulinic acid hydrochloride ([1, 2, 3, 4, 
5-13C5]-5-ALA·HCl) (1b) 
  Similar treatment of 3b afforded as a yellow crystal in 75% yield. 1H NMR (500 MHz, 
D2O) δ 1.14 (d, NH, J = 6.4 Hz), 2.44 (m, 1H, CH2CH2C(O)), 2.62 (m, 1H, 
CH2CH2C(O)), 2.70 (m, 1H, CH2CO2H), 2.88 (m, 1H, CH2CO2H), 3.98 (dd, 2H, 1JCH = 
143.6 Hz, 2JCH = 3.5 Hz, COCH2NH2), 13C NMR (125 MHz, D2O with CH3CN as 
internal standard, δ  = 1.47) δ 27.9 (dd, J = 55.0, 37.9 Hz, 13CH2CO2H), 34.9 (td, J = 
39.8, 16.9 Hz, 13CH2CO), 47.6 (dd, J = 39.8, 17.3 Hz, 13CN), 177.1 (d, J = 56.0 Hz, 
13CO2H), 204.5 (t, J = 40.8 Hz, 13CO), IR (neat, ATR) 2973 (br), 1681 (m), 1643 (s), 
1400 (m), 1221 (m), 1159 (m), HRMS (FAB) calcd for 13C5H10ClNO3 [M-Cl]+ 137.0827, 
found 137.0844. 
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  Throughout the studies in Chapters 2, 3 and 4 the author approves the following 
scientific knowledge. 
 
  In Chapter 2, trivalent dinuclear iridium complex, [IrCl2(H)(cod)]2, was found to be 
effective to catalyze the direct-Mannich reaction under mild conditions. To the best of 
the author’s knowledge, this is the first report of iridium-catalyzed direct-Mannich 
reaction. Various β-amino ketones were synthesized in satisfactory yields. The reaction 
with aliphatic amines did not give the corresponding β-amino ketones because of the 
strong basicity of aliphatic amines. The β-amino ketone having OMP group in aromatic 
moiety could be deprotected with oxidative treatment of PIDA. There was a quite 
unique substrate specificity of ketone component in the reaction. From the results of 
NMR tube reaction, substrate specificity of ketone component was not supposed to be 
occurred by difficulty of enolate generation. 
 
In Chapter 3, the ytterbium complex, Yb(OTf)3, was found to be a suitable catalyst 
for the one-pot synthesis of 2-aryquinolines under mild conditions. In the reaction, 
atmospheric O2 played as a green oxidant for the dihydroquinoline. Various  
2-arylquinolines were synthesized and in the course of the study, the author have 
focused on the fluorescence properties of 2-arylquinolines, which have the following 
three features; (1) quinoline scaffold can play a role as a fluorophore, (2) the chemical 
diversity of 2-arylquinolines can be easily achieved with this method, and (3) electron 
states of 2-arylquinolines could be controlled by 2-aryl moiety. From the results, most 
synthetic 2-arylquinolines had fluorescence properties, although the 2-arylquinolines 
which have a nitro group in 2-aryl moiety showed no fluorescence. Furthermore, the 
dihedral angle between quinoline scaffold and 2-aryl moiety was found to influence the 
fluorescence properties of 2-arylquinolines.  
 
  In Chapter 4, the synthesis of [5-13C1]- and [1,2,3,4,5-13C5]-5-aminolevulinic acids 
starting from [1,2-13C2]-acetic acid and [2-13C1]-glycine was described. According to the 
synthetic route of 5-ALA, [5-13C1]-5-ALA was synthesized starting from 
[2-13C1]-glycine and succinic anhydride. [1,2,3,4,5-13C5]-5-ALA was also synthesized 
with [2-13C1]-glycine and [1,2,3,4-13C4]-succinic anhydride. In the course of the study,  
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[1,2,3,4-13C4]-succinic anhydride was synthesized via oxidative dimerization of 
[1,2-13C2]-acetic acid. [1,2,3,4-13C4]-Succinic anhydride was also a useful segment of 
four-labeled unit. These studies could contribute to the 13C-isotopomer science.  
 
The synthetic chemistry of nitrogen-contained compounds has been developed 
rapidly and a variety of reactions are applied to organic synthesis. The author paid an 
attention of the characteristically catalytic activity of metal complexes and the 
application to functional materials. In the course of the studies various synthetic 
methods have been developed and furthermore several novel observations have been 
found. This thesis deals with the results of the study and discussion of the catalytic 
organic synthesis of amino ketones and quinoline derivatives. 
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